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ABSTBACT 
In the mental rotation paradigm, observers are shown two 
stimulus patterns which differ frcm each other in angular 
orientation. It has been found that the time required to 
recognize that two such patterns are the same is a linear 
function of the angular disparity in the portrayed 
orientations of the two patterns. Although it has not been 
claimed that the internal Frocess is strictly continuous, it 
nevertheless appears to be an analog of the corresponding 
physical process. Observers were shown pairs of perspective 
line drawings of three-dimensional block figures which 
differed in orientaticn from a standard by either 0, 3, 6, 
9, 12. 15, 18, 21, 24. 27, 30, 60, 90, 120, 150, or 180°. 
Since no previous studies have included orientation 
disparities of less than 20°, such disparities were included 
in the present study to obtain a more refined idea of the 
nature of the mental rotation process. Regression analyses 
revealed that the time required to dEcide that comparison 
stimuli were the same as standard stimuli was not a linear 
but rather a constant function for angular disparities from 
zero to 18°. Data points above 18° fit a linear function 
similar in slope and intercept to that originally found by 
Shepard and Metzler (1971). The finding of a threshold for 
mental rotation suggests that the template matching 
mechanism which performs "same-different" comparisons is to 
some extent flexible. Thus, standard and comparison objects 
with subthreshold angular disparities a=e not rotated at 
ii 
all, but are immediately acccmmodat€d by the flexible 
template system. However, the ccnverse proposition, that 
object~ with supra-threshold angular disparities need be 
rotated only into the threshold region for a comparison to 
occur, was not supported • . Although in general males seem to 
outperform females in cognitive tasks requiring spatial 
ability, no significant sex differences were found, either 
in the rate of mental rotaticn or in the size of the 
threshold for mental rotation. A second experiment was 
conducted to insure that the threshold fer mental rotation 
was not simply a sensory threshold. Five observers were 
shown pairs of sequentially presented stimulus figures and 
asked to rate their imfressicn of the total orientation of 
each pair, in accordance with Andersen's (1974) functional 
measurement paradigm. Analyses of variance showed that a 
simple additive model fer the summation of the angles fit 
the obtained data well. Furthermore, the psychophysical 
function relating ferceived orientation to physical 
orientation was flat between zero and 6° for four of five 
subjects, and roughly linear over the rest of the range. 
These results indicate that while angular disparities of 6° 
or less between objects are not apparent to observers, there 
is no evidence for a sensory threshold in the neighborhood 
of the mental rotation threshold. These results confirm as 
a psychological effect the threshold for mental rotation. 
Furthermore, these results may have important implications 
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PBEFACE 
The research described in Part I of this report is the 
culmination of a long interest in mental imagery, extending 
back to my undergraduate work. Before beginning this thesis 
I had conducted several studies on mental imagery using 
self-report questionnaires. Although I was a bit 
dissatisfied w-ith an essentially subjective methodology, 
there seemed to be no alternative. Dr. Collyer then 
suggested that if I were really interested in the study of 
mental imagery I should become acquainted with Boger 
Shepard's work on mental rotation. Ufon becoming so 
"acquainted", my immediate thought was to use the mental 
rotation paradigm to validate the self-report 
questionnaires, which are still widely used. A proposal was 
written to that effect as part of a graduate seminar in 
perception. That proposal contained a supplementary 
proposal to investigate the mental rotation reaction time 
















often happens, that 
out, but the 
for this thesis. 
the conclusion of 
Experiment I, at a time when the results of that lat~er 
experiment seemed fairly well established. In fact, 
Experiment II was completely designed, implemented, 
conducted, and analysed while a few observers remained to be 
tested in Experiment I. Experiment I has now been accepted 
V 
for presentation at the Third American conference on the 
Fantasy and Imaging Process in New York (November, 1979), 
and submitted for presentation at the 51st Annual Meeting of 
the Eastern Psychological Association in Hartford (April, 
1980) • . 
September, 1979 
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IS THERE A THRESHOLD FOR !ENTAL ROTATION? 
CHAPTER 1 
Introduction 
The subject matter of cognitive psychology has been 
broadly cr.aracterized as scluticns to the guestions, What do 
we knew? and, How do we acguire and use what we know 
(Pylyshyn, 1973)? The research reported here is related to 
a general area of study concerned primarily with the first 
question. More specifically, the questicn of interest deals 
with cognitive representation: Bow is what we know 
represented in the brain? What is the nature of internal 
cognitive representaticns? 
For many years psychologists have oriented their 





(e.g., Skinner, 1957). This emphasis has 
result of behaviorist strictures on what 
constitutes the legitimate domain of psychological research. 
Thoughts embodied in words and propositions are, if not 
overt, at least liable to overt expression, and hence 
subject to direct measurement. 
Internal; nonverbal representaticns--mental images--have 
not been investigated nearly as extensively as have the 
verbal processes. While the study of mental imagery does 
have a long history (e.g., James, 1890), the notion of the 
mental image has been periodically banished from western 
psychology (Holt, 1964). Behavicrists criticized the study 
of "mentalistic" topics: the process of imaging was cov€rt 
and therefore not subject to reliable or valid measurement. 
Since images could net be measured, they could not be 
studied scientifically (Watson, 1913). However, mental 
images have a subjective reality that many otherwise 
objective observers find hard to deny. Furthermore, there 
are several kinds of prcblem-solving tasks that are 
difficult to account for without recourse to a theory of 
mental images (Adams, 1974). Indeed, Anderson (1978), a 
critic often not kind to the study of mental images, has 
agreed that the question of interest is not whether mental 
images exist, but whether such images are functionally 
significant. The investigation of the phenomenon has 
therefore undergone something cf a resurrection over the 
last 15 years. 
Many contemporary studies of mental imagery use 
self-report questionnaires tc assess individual differences 
in the ability to form or control imagery. However, ten 
years of research with and on imagery questionnaires have 
left researchers in an embarrasing positicn; we still don't 
know what these instruments measure (Hiscock, 1978). These 
questionnaires are unable to provide informaticn about the 
nature of the visual image, the function of such images, and 
the relationship between images and perceptual experience. 
To adequately assess the nature and function 0£ mental 
images, more objective methods will be ~equired than are 
offered by the self-report approach. Such a method is 
available in the "mental rotation" technique introduced by 
2 
Shepard and Metzler (1971) • . It has long been known that 
subjects are able to recognize as the same two 
two-dimensional representaticns cf objects presented in 
different orientations (e.g., Mach, 1959, originaliy 
published in 1886). Shepard and Metzler (1971) showed 
subjects pairs of computer-generated perspective line 
drawings of three-dimensional blcck shapes. Pairs consisted 
of standard and comparison figures presented simultaneously. 
Subjects• task was to decide as quickly and as accurately as 
possible whether or not each pair represented the same or 
represented different shapes. standard and comparison 
stimuli differed for "same" pairs only in that the 
comparison figure was a rotated version of the standard. 
Angle of rotation was varied from zero to 180 degrees in 20 
degree increments and was either a flat rotation (i.e., a 
rotation in the picture plane) or a rotation in ~epth. 
Standard and 
pairs in that 
(mirror-image) 
ccmFarison stimuli differed for "different" 
the ccmFarison figure was a reflected 
version of the standard. It was found that 
reaction time for correct "same" decisions was a linear 
function of angle of rotation for both types of rotation, 
with no difference in reaction time as a function of type of 
rotation. These findings are consistent with subjects• 
introspective reports of what they de to arrive - at a 
decision of "same" or "different." Subjects claimed to 
imagine a rotation of the comparison figure into the same 
orientation as the standard befcre a decision was made. 
3 
4 
Such "mental rotations" could be accomplished in either two 
or three dimensicns with equal facility, and at a rate of 
approximately 60 degrees per second. 
The basic results of the Shepard and Metzler (1971) 
study have been replicated using a number of different 
stimulus patterns, including letters (Carpent~r & Eisenb~rg, 
1978; Cooper & Shepard, 1973a, 1973b; corballis, Zbrodoff, 
Shetzer & Butler, 1978; Jacewicz & Hartley, 1979), digits 
(Corballis, et al., 1978), random, two-dimensional shapes 
(Attneave figures: Attneave & Arnoult, 1956) varied in 
complexity (Cooper, 1975, 1976a; Cooper & Podgorny, 1976), 
left and right human hands (Ashton, McFarland, Walsh & 
White, 1978; cooper & Shepard, 1975), schematic city maps 
(Hochberg & Gellman, 1977), simple two-dimensional line 
figures (Petrusic, Varro & Jamieson, 1978), small greek 
letters (Jacewicz & Hartley, 1979), dot patterns (Corballis, 
Zbrodoff & Roldan, 1976), and teddy bears and ice cream 
cones (Marmor, 197 5, 1977). These results have, 
furthermore, been repeated using older college students 




children (Matmor, 1975, 1977), and even with 
using the baptic sense to rotate objects 
Eisenberg, 1978; Marmor & Zabeck, 1976). 
Moreover, the linear nature of the reaction time function 
continues as the angle of rctaticn is increased beyond 180 
degrees up to 360 degrees when subjects are instructed to 
rotate in a particular direction (Cooper, 1975; Cooper & 
5 
Podgorny, 1976; Metzler & Shepard, 1974). These findings 
strongly suggest that reaction time is determined by the 
extent of the . mental trajectory through which the subject 
must rotate the compariscn figure. 
In performing mental rotation tasks observers claim that 
they are able to form mental images of the stimuii and 
perform transformational operations on these images. 
Shepard and Feng (unpublished, reported in ShEpard, 1975) 
reported that subjects were apparently able to perform 
pre-specified rotations on a particular letter, which was 
only named and net presented visually. For example, the 
letter "M" becomes the ,letter "ii" when rotated 180 degrees 
to the left, but remains the letter "M" when reflected about 
its vertical axis. One particularly interesting result of 
their study was that, for all seven letters used in the 
study, rotation 180 degrees to the left was significantly 
faster than reflection of the lette4 about both its vertical --
211£ horizontal axes, even though in all cases identical 
images resulted from the required transformations. This 
result wculd be expected, however, if subjects w€re actually 
carrying out the reguired manipulations. The results of 
this study, then, SUFPOrt subjects• claims that they are 
able to rotate as well as form mental images. 
If subjects are able to form images anQ subsequently 
manipulate these images, then simultanecus presentation of 
standard and comparison figures shculd net be necessary for 
the performance of mental rotation tasks. Using successive 
presentation of standard and comparison figures in a series 
of studies, cooper and Shepard have found that subjects are 
able to "hold" an image of .the standard figure and perform 
required transformations before the presentation of the 
comparison figure (Cooper, 1975, 1976a; Cooper & Podgorny, 
1976; Cooper & Shepard, 1973ar 1S73b, 1S75, 1978). Using 
letters as stimuli, Ccoper and Shepard (1973a, 1973b) 
followed standard figure presentation with an arrow 
indicating the orientation of the upcoming test figure. 
This orientation informaticn was presented at one cf four 
duraticns ranging from 100 to 1000 msec. Immediately upon 
the offset of the orientation cue, the rotated test figure 
was presented in the indicated crientation. Subjects were 
determine as quickly as possible whether 
was a normal or reflected (backward) 
then required to 
the test figure 
character. At short orientation cue durationsr reaction 




rotation increased, indicating sufficient time to 
for the smaller angles but not for the larger ones. 
1000 msec duration there was sufficient time for 
subjec~s to perform all required transformations, and 
reaction time was rapid and constant for all orientations. 
In a subsequent study, Ccoper (1975) allowed subjects to 
control the duration of tbe orientation cue. Subjects were 
instructed to rotate a random two-dimensional polygon 
(Attneave figure) in a SFECified directicn and through a 
specified angle. subjects indicated the completion of the 
6 
process of preparaticn by pressing a button, which initiated 
the presentation of tbe test figure in the previously 
specified orientation. subjects were then reguired to 
determine whether the test figure was a standard or 
reflected version of the original figure. cooper found that 
the time to prepare was a linear function cf the specified 
angle of rotaticn. Furthermore, discriminative reaction 
time was not affected by the orientation cf the test figure, 
that is, vas a constant function of angle of orientation, 
thus indicating that subjects were indeed prepared for the 
presentation of the test stimulus when they so indicated. 
The results of these studies, and similar other studies 
(Cooper, 1976a; Cooper & Pcdgorny, 1976; Cooper & Shepard, 
1975), support the introspective claims of subjects that 
they are able to form and manipulate mental images. 
Furthermore, these studies extend what we can know about 
mental images from guesticnnaire studies by providing 
information about the rate at which mental transformations 
are carried out, the time it takes to prEpare such 
operations, and the discriminative reaction time for 
comparing such images • . 
Mental rotation studies have also been able to 
demonstrate that there is a relationshi~ betw~€n internal 
representation cf mental transformation and actual . 
perceptual experience. In the Cooper (1975) study reported 
above, it was found that the slcpe of preparation time 
function was very similar to the slcpe of the reaction time 
7 
-
function for a ta~k in which advance information about 
subsequent test figure orientation was 1!£! given. This 
similarity in slope suggests that similar processes of 
mental rotation underlie the il~Es~i~s for a rotated object 
that is not yet present and the re§Qo~q~ng to a rotated 
object that has already been presented. The similarity 
between these mental processes and ferceptual experience has 
been made more explicit in studies which have investigated 
the time it takes tc respond tc an object while imagining 
the object in rotation (Cooper, 1976a; Cooper & Shepard, 
1973a; Metzler & Shepard, 1974) and in studies of the 
illusion of apparent rotational movement (Robins & Shepard, 
1977; Shepard & Judd, 1976). The investigation of this 
similarity bas recently been extended beyond the mental 
rotaticn paradigm (Podgcrny & Shepard, 1978; Shepard, 1978; 
Shepard & Podgorny, 1978). 
8 
Perhaps the principal claim that Shepard and his 
colleagues have made on the basis of their mental rotation 
studies is that, in the course cf ccmparing the .shapes of 
two similar objects differing in orientation, an observer 
necessarily passes through a series of internal states that 
bear a one~to-cnE relaticn tc the physical states that the 
object would pass through if it were physically rotated from 
one orientaticn to the other (Cooper & Shepard, 1973a, 1978; 
Shepard, 1975; Shepard & Podgcrny, 1S78). Their primary 
evidence for this view has been presented above. Thus, in 
rotating mentally an object from Orientation A to 
Orientation c the internal representation of the object 
passes through a number of intermediate Orientations B(1), 
B(2) , ••• ,B~) as if an actual object were rotating from 
Point A to Point c. Although it bas not been claimed that 
the internal process is strictly continuous, it nevertheless 
appears to be an analog of the corresponding physical 
process. 
9 
Previous studies have not been able to shed any light on 
the question of the ccntinuity of the internal process of 
mental rotation, although Shepard and Judd (1976) have 
produced the illusion of continuous rotation by presenting 
rapidly alternating end states. Hcwever, the actual 
physical speed of rotation required to produce this illusion 
for the three-dimensional line dxawings used in the Shepard 
and Judd study was in excess of 1000 degrees per second, a 
rate far greater than the internal psychological rate of 
rotation cbtained from subjects who are required to mentally 
manipulate similar figures [the rate obtained in the 
criginal Shepard and Metzler (1971) study was approximately 
60 degrees per second]. Although the perceptual experience 
of continuous rotation is reported by observers engaged in a 
Shepard and Judd task, the phencmencn is probably more 
closely related to the ~ll effect (specifically, alpha 
movement; see Murch, 1973) than to the internal precess of 
mental rotation reported by subjects engaged in the Shepard 
and Metzler task. 
No previous studies have examined successive angles of 
10 
rotation of less than 20 degrees, and in most experiments 
the angular increment is either 45 er 60 degrees. In 
Experiment I angular increments cf 3 degrees from zero to 30 
degrees, as well as additional increments of 30 degrees up 
to 180 degrees, are used in a Shepard and Metzler (1971) 
task to obtain a more refined idea of the nature of the 
process of mental rctatio~. 
I 
such a procedure allows an 
examination of the claim that rotation from Orientation A 
directly to Orientation c is net possible. Thus, it may be 
that at small angular departures from zero degrees, mental 
rotation is not necessary t~ make discriminative judgements 
concerning the similarity cf standard and comparison 
figures. Previous studies de not force the conclusion that 
the rotation of . a rotated comparison figure must proceed all 
the way to the zero degree orientation cf the standard. " It 
seems likely that such rotaticn need proceed oniy to a point 
near the physical zero point; whereupon a template matching 
type of mechanism might signal the occurrence of a match or 
mismatch. It is the furpcse of Experiment I to determine 
the extent to which this possibility is correct. 
At the present time, based en previous research, all 
that can be predicted is that a threshold for mental 
rotation, if it exists, must be less than 20 degrees of 
physical rotation. Since no studies have used angles less 
than 20 degrees, nothing at all is known about the nature of 
the reaction time function fer "same" decisions between z-ero 
and 20 degrees rotation. All investigators have assumed 
11 
that the function remains strictly linear in this range. 
However, it is FOssible that the linearity of the function 
breaks down in this range ~ This is simply a mathematical 
way of describing the existence of a threshold • . If the 
notion of a threshold for mental rotaticn is correct, then 
it must be at some point in the zero to 20 degree range that 
the statistical linearity cf the reaction time function 
breaks down. Perhaps the mcst interesting result would be 
the occurrence of a step function in this range. This would 
indicate not only the magnitude of the threshold but would 
also suggest that mental rotation is a noncontinuous 
process, at least at small angular orientations. _ Figure 1 
shows the reaction time function as obtained by Shepard and 
Metzler (1971) for "same" figures in flat rotation as well 
as an idealized reaction time function deFicting a threshold 
of approximately 15 degrees. 1 
Experiment I also examines potential sex differences in 
the mental rotation task. J In general, males seem to 
outperform females in ccgnitive tasks requiring spatial 
ability (e.g., Bouchard & McGee, 1978; Euffery & Gray, 1972; 
Maccoby & Jacklin, 1974). Eut evidence for sex differences 
in the mental rotation task has not been clear. Vandenberg 
(1975; Vandenberg & Kuse, 1978) bas recently developed the 
Mental Rotations Test, a paper and pencil version of the 
Shepard and Metzler (1971) task, en ~hich males consistently 
outscore females (DeFries, Ashton, Johnson, Kuse, McClearn, 













































































McClearn, Kuse, Wilson, Ashton & Johnson, 1974; Vandenberg & 
Kuse, 1978; Wilsen. teFries, Mcclearn, Vandenberg, Johnsen & 
Rashad, 1975; Yen, 1975). , Using the same test, however, 
McGee (1978b) found only partial support for sex 
differences. , Evidence from actual mental rotation tasks bas 
also been inconclusive. , Using simple line figure, Petrusic, 
et al. (1978) found that males rotated at a faster rate than 
females, while Corballis, Nagcurney, Shetzer and Stafanatos 
(1978), using a rather more complex line drawing, found no 
such parametric differences between males and females. 
The reaction time function which descrihes the mental 
rotation task yields twc Farameters on which males and 
females may be compared: slope and intercept. These 
parameters are characteristic of all linear functions and 
may be estimated separately fer males and females. The 
reciprocal of the slope, when it is exFressed in seconds per 
degree, gives the rate cf the rotation of the manipulated 
(comparison) figure in degrees per second. The intercept of 
the function gives the basic comparison time of the standard 
and comparison figures after rctation. These parameters may 
be estimated via a least squares regression ar.alysis. 




to mean the ability to see relationships between 
objects or to visualize what a shape would look 
its criEntation were changed (Maccoby & Jacklin, 
1974; Williams, 1977) • . In this sense, slope, that is, the 
rate .of mental rotation, is a more direct measure cf spatial 
14 
ability than is intercept, which merely reflects the time to 
decide "same" or "different" after the rotation has been 
completed. Thus, if males and females differ in spatial 
ability, the parameter most likely to be affected is the 
slope of the reaction time function. It is also possible, 
though, that sex differences in the magnitude of the 
threshold for mental rotation may exist. If males have 
greater spatial abilities than females, then the template 
matching system which performs "same-different" comparisons 
may be more flexible for males than for females. , Greater 
spatial ability may permit this mechanism to be more 
accommodating for disparities in angular orientations for 
male subjects. 
In summary, then, Experiment I is designed to examine 
two hypotheses. - First, it is expected that a threshold 
exists for mental rctaticn. , Since no previous studies have 
used comFarison figures with angular orientations of less 
than 20 degrees, the threshold, if it exists, must be 
smaller than 20 degrees. Since angles as great as 180 
degrees will be used in the study, the threshold should be 
revealed as a small but significant second-order trend in 





Experiment I ccncerns sex differences in spati~l 
The mental rctaticn task has not often been used 
purpose, although it appears to be an excellent 
assessing Fctential sex differences in cognitive 
spatial abilities, since th€ task seems not to be affected 
15 
by verbal abilities. If sex differences are Exhibited in 
the mental rotation paradigm, the Farameters most likely to 
be aff€cted are the slope and threshold of the reaction time 
function. The literature en sex differences in cognitive 
spatial abilities suggests that males should be able to 
rotate figures at a faster rate than females, and also 







Subjects were seven male and nine female graduate 
students in psychology, and two male and two female upper 
division undergraduate psychology majois at the University 
of Rhode Island. Thus, 20 subjects were used in Experiment 
I, nine males and 11 females. Subjects ranged in age from 
20 to 37 years old, with a mean age of 26.6 years 
(S.D. = 4.2) and a median age of 26.0 years. All subjects 
were right-handed except fer one left-banded undergraduate 
male, one ambidextrous graduate male and cne ambidextrous 
graduate female. In addition, five subjects were discarded 
for error rates in excess of 1s, (range: 19-31%). These 
subjects were two graduate male, one graduate female, and 
two undergraduate female psychclcgy students, all 
right-handed, with a mean age of 26.0 years (S.D. = 4.8). 
(One discarded subject admitted to a childhood diagnosis of 
dsylexia after about half cf the ex~erimental trials bad 
been completed.} All subjects had normal, or corrected to 
normal vision • . Complete subject data appear in Appendix A. 
t1aterial~ 
Stimulus materials were perspective line drawings of 
three-dimensional block figures similar . to those used by 
ShEpard and Metzler ( 1971) (see Figure 2). Figures were 
constructed using three-dimensional graph paper, oriented at 
angles of O, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 60, 90, 
Figure 2. Stimulus Figures. Stimulus figures used in 
Experiment I are shewn in Figure 2: (A) test figure 
of Orientation A; (E) test figure of Orientation B; 







120, 150, and 180 degrees by using a protractor, and then 
afixed to a piece of heavy tyFing paper. Stimulus figures 
were then photographed and slides ccnstructed by the 
Audio-Visual Department of the University of Rhode Island. 
A mini-experiment was run using the slides as "subjects" to 
determine the variation cf the physical angle of orientation 
of each slide from the ncminal value of the angular 
orientation. The results of this exercise are given in , 
Appendix B. , Slides for which the physical angle deviated 
from the nominal value by more than one degree for angles 
less than er equal tc 30 degrees, or by more than three 
degrees for angles greater than 30 degrees, were 
reconstructed by the author. 
!llsU!Y~ 
Apparatus used in Experiment I were a Kodak Ektagraphic 
RA-960 Random Access slide projectcr with remote control 
unit, a GAF ESP 2000AV slide .proj€ctor with Randax 20 random 
access remote control unit, a tafayette Clock/Counter, Model 
#54417, with digital millesecond (msec) readout, a Standard 
Instrument corporation Pho-i;o Head photccell, Model No. 
PC-503A-2, and a ERS Foringer Power Supply, Model No. 
PS-02f4 • 
Q~si~Ul 
Design of the experiment was a 2 X 2 X 2 X 16 (sex V .A. 
orientation X type of judgement X angle) factorial. All 
factors fit the fixed-effects (Winer, 1971} analysis of 
variance model and were within-groups factors except for 
19 
Sex, which was a bet~een-groups factor. A complete 
specification of the experimental design is given in Table 
1. Figures 3 and 4 show the possible ccmbinations of the 
----------------------------------~--------------·----------
Table 1 
Design Specification for Experiment I 
Type of 
Sex Judgement Orientation 
Angular Crientation 








A O, 3, 6, 9, 12, 15, 18, 21, 24 















standard figure with the ccmfariscn figure (the zero degree 
orientation of the ccmfarison figure is used for the purpose 
of illustration, although the comparison figure could take 
on any of 16 different angular crientations). Figure 3 
shows the two ccmbinations for which the subject response 
"same" was correct while Figure 4 shews the combinations for 
which the the response "different" was correct. Both 
standard and ccmpariscn figures could be presented with 
either a left-hand (Orientation A) or a right-hand 
Figure 3. , "Same" Stimulus Figure Configurations. 
Shown are the twc ~cssible stimulus pairings for 
which the r€sponse "same" was ccrrect. 
20 
STANDARD COMPARISON 
Figure 4. "Dif£erent" Stimulus figure Configurations. 
Shown are the twc ~cssible sti~ulus pairings fer 




(Orientation B) orientation. Both standard figure 
orientations were paired with both orientations of the 
comparison figure for each of the 16 possible angular 
rotations of the comFarison figure fer a total of 64 trials. 
Procedure - -
Subjects were recruited en a vclunteEr basis, except for 
three undergraduate subjects whc were cffered credit in an 
experimental psychology course, for an experiment in 
"pattern perception and pattern comparison". . Al though the 
use of volunteer subjects can sometimes produce bias in a 
psychological exFeriment, usually with respect tc demand 
characteristics (Orne, 1962), such is probably not a problem 
in the present experiment« Beaction time experiments 
frequently depend on rapid respcnses frcm subjects, and 
volunteers are likely tc be highly motivated in this 
respect. 
After appearing for the experimental session, subjects 
were seated and shown a standard figure and a comparison 
figure of zero degree rctaticn. The experimenter explained 
that the subject's task was to decide whether standard and 
comparison figures represented the same or different shapes • . 
It was emphasized that a "same" decision should be made when 
the comparison figure was a rotated version of the standard 
and that a "different II decisicn should be madE whe·n the 
ccmpariscn figure was a reflected (mirror-image) version of 
the standard figure. Examples of rotated and reflected 
pairs were given concurrently with these instructions. The 
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experimenter then explained that the simultaneous 
presentation of the standard and compariscn figures would 
trigger a photocell which would initiate a reaction timer 
and that the subject shculd signal a decisicn by ~ressing a 
switch, located on the right-hand arm of the chair, forward 
for a "same" decision and backward for a "different" 
decision. An "S" and a "D" marked these ~csitions on the 
arm of the chair. switch closure stopped the reaction timer 
and lit a display light visible cnly to the experimenter 
signalling the type of decision made. The experimenter 
emphasized 
judgement 
that the speed of the subject's discriminative 
vas being measured and that a decision should be 
made as quickly as possible without guessing • . At this point 
the experimenter resolved any questions that remained and a 
series of 16 practice trials, using the stimulus figure in 
Figure 2C were run • . Practice trials consisted of eight 
"same" and eight "different" stimulus pairs. Angular 
orientations of 
90, 120, 150, 
the ccmFarison figure were O, 15, 30, 60, 
and 180 degrees. Angles 0, 30, 90, and 150 
degrees ~ere shewn in Orientation A, while the remaining 
angles were shown in Orientation B. If a discriminative 
error was made during a practice trial, the experimenter 
left the figures prcjected o~ the wall, explained that there 
had been a mistake, and asked the subject to satisfy him- or 
herself as to the correct decision. Once the subject vas 
satisfied the practice sessicn was continued. After 





questions. Experimenter then explained that a 
of stimulus presentations was about to follow, 
the figure would be sligbtly different but of the 
same general nature as the practice stimulus (see Figures 2A 
and 2B). Furthermore, it ~as Feinted out that feedback on 
discriminative judgements ~ould no longer be given. Fast 
but accurate judgements were again emFhasized, and the 
experimental session was begun. The exferimental session 
consisted of 64 trials: en 32 trials the comparison figure 
was a rotated version cf . the standard, while on the 
remaining 32 trials the comFarison figure was a reflected 
version of the standard figure. Each subject was run 
thraugh the set of 64 trials once in order to minimize 
fatigue and keep the subject's total participation time in 
the experiment at less than 60 minutes. Order of 
presentation of both standard and comparison figures was 
randomized with the restricticns that 1) each of the 64 
possible combinations of standard and comparison figure 
pairings occurred only once. and 2) that comparison figures 
of the same Orientation separated by nine degrees or less 
not appear on successive trials • . Stimulus figures were 
projected on a blank white wall in a darkened room, with the 
standaxd figure always appearing to the left of the 
comparison figure. subjects .ere seated 193 cm from the 
projection plane, and the total ~rejected stimulus array 
subtended a visual angle of approximately 30 degrees. 
Presentation of the stimuli was controlled by the 
experimenter. 
advance of the 
indication of 
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No warning or "Ready" signal was used as the 
slide carousels Frcvided sufficient 
the imminent onset of a trial • . Stimulus 
presentation was 
an opaque black 
initiated by the experimenter by removing 
curtain £rem in frcnt of the slide 
projectors. A pin hole made in all standard slides provided 
a small beam of illumination which triggered a photocell 
assembly. The phctccell circuit initiated a reaction timer 
which could re stopped by the switch mounted on the arm of 
the subject's chair. subject's response also caused one of 
two lights on the experimenter's control toard to be lit, 
depending on which decisicn was made. After switch closure 
the experimenter reFlaced the curtain in front of the slide 
projectors, recorded the type of decision made and the 
reaction time, reset the timer, advanced the slide carousels 
for the next trial, and again removed the curtain, 
initiating the next trial • . Int€rtrial interval was 
approximately 30 seconds. Trials on which subjects 
responded incorrectly were . rerun at the end of the test 
session. Because of the speeded nature of the dependent 
variable, it was decided that reaction times in excess of 
10,000 msec would also be counted as errors. Previous 
studies have indicated that the mean error rate for all 
subjects should be in the vicinity cf 5 to 10J. It was 
therefore decided that data from individual subjects whose 
error rate exceeded 15j would be discarded £rem the analysis 




Because of the necessity fer speed of decision in a 
reaction time task, and because subjects were instructed to 
make their decisions - as rapidly as possible without 
guessing, latencies for "same" responses which exceeded 
three standard deviations of the mean for any particular 
angle, based on the standard deviation fer that angle, were 
omitted from the analysis. This resulted in the omission of 
16 of 640 data feints, iith an average i score of 3.66. No 
subject bad more than two cf their 32 data points omitted 
and this never cccurred at the same angle for any subject. 
Also, no more than two of the 40 data points at any 
particular angular orientation of the comparison figure vere 
lost. _ Five data points were cmi tted for males and 11 for 
females. . A complete specification cf the data points 
omitted is given in Appendix c • . Data points for "different" 
scores were not omitted because these scores do not enter 
into any meaningful analyses of the experimental hypotheses. 
Mean reaction time for "same" judgements was 1723 msec 
(S.D. = 322) and for "different" judgemEnts was 2554 msEc 
(S.D. = 651). A 2 X 2 X 2 X 1€ analysis of variance (ANOVA) 
was performed using the Eicmedical statistical Package 
program BMDP2V (Dixon, 1977) M The four-factor ANOVA results 
are given in Table 2. The difference in reaction time (831 
msec) for Type of Judgement was statistically significant (F 
= 37.15, df = 1, 18, p < .001) but was net an im;ressively 
27 
large effect (w2 = .076). Main effect for Orientation (A or 
B) lias not significant (F = 0.71, df = 1, 18, p > .05). 
Main effect for Sex was also not significant (F = 0.18. df = 
1, 18, p > .OS). Main effect for Angle was significant. but 
is discussed in detail belcw. 
----------------------------------------------------------------------------------------~-----------·-------------------Table 2 

























*P < .OS **P < .001 
ss df MS 
2337360 1 2337360 
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The interaction of Type of Judgement 
significant (F = 2.00, df = 15, 270, p < .c2, 
28 
and Angle was 
~z = .013) but 
unimportant, reflecting only the difference in shape of the 
reaction time function fer "same" and "different" figures. 
This result will only be mentioned here for, as pcinted out 
above, only data from "same" decisions are relevant to the 
hypotheses of interest in Experiment I. 
A significant (F = 4.61, df = 1, 18, p < .05) 
interaction for sex by Orientation was obtained, reflecting 
a tendency for female, but net male, subjects to have 
shorter latencies for figures of Orientation B than for 
figures of Orienta ticn A. . The effect is net readily 
interpretable and, at any rate, was very small (w2 = .002), 
~robably representing a chance deviaticn. The remaining 
first order interactions, the seccnd order interactions, and 
the third order interaction were all not significant. 
Since the main effect for Orientaticn was not 
significant, subjects• latencies for "same" scores at each 
angle for orientations A and E were averaged. If one of 
these data points had been eliminated for being out of 
range, then the remaining data point was used as the 
estimate of the subject's reaction timE. Because the main 
effect for sex was not significant, means and standard 
deviations for the "same" reactitn times were calculated 
based on the data for all 20 Sijbjects. These results appear 
in Table 3 and are plotted in Figure 5. A one-way repeated 
measures analysis cf variance was computed using the 
Figure 5. "Same" Reacticn Time as a Function of 
Angular Orientation • . Mean reaction time fer "same" 
stimulus figures are depicted as a function cf 
angular orientation. Means, i~ msec, are surrounded 
by standard error bars. The slcped regression line 
is based on non-threshcld crientaticns--0°, 
21°-100°--and was fit by a least-squares frocedure. 
The slope of this regression line is 13.76 msec 
deg-t and the interceFt is 1116 msec. _ ThE 
zerc-slope regression line was fit by a 
least-squares procedure to threshold 
orientations--0°-18° inclusive~-and has an intercept 

















































































"canned" statistical program BMDP2V (Dixon, 1977). The main 
effect fer Angle was significant (F = 54.11, df = 15, 285, p 
< .001) and large, acccuntin9 fer 74% of the variance in the 
reaction time scores (w2 = .740). Results for the one-way 
ANOVA on Angle appear in Table 4. 
---------------------------------·------------------Table 3 
Means, Standard Deviations (SD), and Standard Errors 
of the Mean (SEM) for "Same" Beaction Times (msec) 
Angle Mean SD SEM 
----------------------------------------------------
A 
QO 1029 297 66 
30 1139 32C 72 
60 1102 250 56 
90 1043 293 66 
12° 1133 360 80 
15° 1117 347 78 
18° 1201 512 114 
21° 1248 402 90 
24° 1399 500 112 
27° 1376 406 91 
30° 1712 675 151 
€00 2173 595 153 
90° 2440 746 167 
120° 2845 973 218 
150° 3086 969 217 
1eo 0 3519 917 205 
~-------------------------------------------------------·-------------------~-----------------------Table 4 















54. 11* .740 
--------------------------------------------------*P < .001 
Tukey test for .E.£.§! hoc -~ means comparisons was 
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performed as a follow-up test for the significant main 
effect of Angle. The follcwing results, which are 
summarized in Table 5, were obtained: zero to 15 degree 
angles significantly faster than 30 tc 180 degree angles; 
zero to 27 degree angles significantly faster than 60 to 180 
degree angles; zero to 30 degree angles significantly faster 
than 90 to 180 degree angles; zero to 60 degree angles 
significantly faster than 120 to 180 degree angles; zero to 
90 degree angles significantly faster than the 150 and 180 
degree angles; and zerc to 120 degree angles significantly 
faster than the 180 degree angle (all differences 
significant at the .05 level). Tbusr the following ranges 
or pairs of angles were not ~ignificantly different: · zero to 
27 degrees; 18 to 30 degrees; 30 and 60 degrees; 60 and 90 
degrees; 90 and 120 degrees; 120 and 150 degrees; and 150 
and 180 degrees. It is a little surprising that pairs of 
-------~--------------. ---------------·------
Table 5 
Tukey Test Besultst 
--------------------------------------------------OO 3 6 9 12 15 18 21 24 27 30 60 90 120 150 180d 
--------------------------------------------------
--------------------------------------------------'Underlined ranges cf angles de net differ 
significantly in reaction time (p > .05). 
-----------------------------------------~--------
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angles in the upper range (e~g., 60 and 90 degrees) were not 
significantly different frcm each ether. This may be due to 
the nature of the Tukey test, which preserves a specified 
alpha-level errcr rate fer the entire set of pairwise means 
comparisons • . · Thus. with 16 means, and 120 possible pairwise 
mean comparisons, the actual alpha level of any particular 
comparison is considerably less than .as. 
Ibre§llQlg ~ui.m~i2n 
Unfortunately. there is no single statistical test that 
answers the questions, Is there a threshold? and, What is 
the magnitude of the threshold? While the plot of the data 
in Figure 5 appears compelling with respect to the notion of 
a threshold, statistical confirmation of the effect would be 
even more compelling. Moreover, ~hile the ~utence of a 
threshold seems rather obvious from the graph, the 
estimation of the B,gnit.YQ~ cf the threshold by "eyeballing" 
might be rather arbitrary~ Therefore, a series of 
statistical tests were conducted in order to obtain, by the 
consensus of converging results, evidence confirming the 
existence and estimating the magnitude cf the threshold for 
mental rotation. 




= 1 , 
1.hn~holg is.I ~$.lllil .otationl If a 
the data must exhibit significant, 
A trend analysis was therefoie conducted 
computer program. Both the linear (F = 
285, p < .• 001) and the quadratic (second 
using the 
792. 60, df 
order) (F = 6.93, df = 1; 285, p < .01) trend components 
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were significant. The linear trend accounted for 97.6% of 
the variation in reacticn time for Angle, while the 
quadratic trend accounted for 0.9j of such variation (Winer, 
1971). The linear correlation bet~een angle and reaction 
time was 0.850; this ccrrelation increased to 0.854 with the 
addition of the quadratic comFonent. The proportion of 
total variance accounted for by the linear and quadratic 
trend components was 0.723 and 0.006, respectively. Higher 
order trend components were not significant (F = 0.93, df = 
13, 285, p > .05) • . Trend analysis results are summarized in 
Table 6. 
------------------------------------------------------' ------------------------~-----------------------------Table 6 
Trend Analysis Results 
------~------------------------~----------------------Source ss . df MS F w2 
I ------------------------------------------------------LinEar 198547216 1 198547216 792.60** .723 
Quadratic 1735228 , 173522€ 6.93* .006 
Higher Orders 3042800 13 234100 0.93 
Error 7139836€ 285 250521 
------~----~---------~--------------------------------
*P < .01 **P < .001 
-----------------------------~---------------------------------~--------------~~----------------------------
Since all points 
which do not exceed threshold should lie en a line with zero 
slope, a series cf linear regressicn analyses, using BMDP1R, 
were conducted in order to determine the magnitude of the 
threshold fer mental rotation. A Freliminary analysis using 
all data points frcm all subjects resulted in a best-fitting 
line with intercept at 1032 msec (S.E. = 698), and a slope 
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(regression coefficient) of 14.40 msec/degree (S.E. = 0.51), 
which was significantly different from 2ero (t = 28.052, df 
= 622, p < .001). Correlation of the data points to this 
line was 0.747, acccunting for 55.8% of the variance in 
reaction time scores (r 2 = .558) • . 
The initial regression analysis on suspected threshold 
angles was begun on the range of angles from zero tc nine 
degrees. Data from successively larger angles were added to 
the analysis until the regressicn slcpe became significantly 
different from zero • . A summary of these regression analyses 
apFears in Table 7. , 
-------------~-----~------~-------------------------------------------~---------------------~---------------------------.Table 7 
Regression summary for Group Data 
---------------------------~--------------------------------Range of Angles Interceptt SB S1Cfe2 SE t df r 
---------------~--------------------------------------------
0-9° 1077 333 . -0.45 7.95 -0.057 154 • 004 
0 .... 12° 106 8 342 2.60 5.82 o. 448 192 .032 
0-15° 1063 . 341 · 3.77 4.46 o. 846 231 .055 
0-18° 1050 395 6.33 3.99 1.586 271 • 095 
0-21° 1039 401 8.16 3.29 2. 47 7* 311 .139 
o, 21-180° 1116 823 13.76 o. 7 2 19.242** 387 .6 99 
0-180° 1032 698 14.40 0.51 28.052** 622 • 74 7 
---~-------·---------------~--------------------------------
Notes: 
'Intercept and its standard error are expressed in msec. 
2s1ope and its standard errcr are expressed in msec/degree. 
* p <· .01 
** p < .001 ~·---------------------------~ .. ---------------------------
------------------------------------------------------------
The last analysis resulting in nonsignificant slope 
included angl€s from O tc 18 degrees~ and yielded an 
intercept of 1050 msec (S.E. ,= 395) and a slcpe of 6.33 msec 
deg-1 (S.E. = 3.99). While this slcpe is not statistically 
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significant, it is nevertheless net exactly equal to zero. 
It is useful to fit a zerc-slope line to the range of 
subthresbold angles in order to estimate the reaction time 
for these angles. For this purpcse an iterative minimum sum 
of squares procedure ~as conducted on the angles from Oto 
18 degrees. The result was a reaction time value of 1109 
msec for subthreshold angles. , This value is depicted as the 
zero~slope reaction time function in Figure 5. 
A final regression analysis was conducted on data points 
outside the threshold in order to estimate slope and 
intercept for rotated angles. Since the estimate of the 
magnitude of the threshold seems to indicate that it may 
extend to 18 degrees, this last regression analysis was 
conducted after elimination of data points from 3 to 18 
degrees, inclusive • . Intercept was estimated as 1116 msec 
(S.E. = 823), and slope as 13.76 msec/degree (S.E. = 0.72), 
which was significantly different from zero slope (t = 
19.242, df = 387, p < .001) • . The slope indicated that the 
rate . cf rotation for "same" figures \as 72.7 degrees per 
second. The correlation between reactio~ time and angle was 
0.699, accounting for 48.9j of the total variance. The 
best-fitting (least squares) regressicn line described by 
this analysis is the line fit to the data in Figures. The 
correlation cf the average reaction time fer all subjects at 
each of the ten ncn-threshold angles fit by this regression 
line was 0.988 (df = 8, ~ < .001), ~bich accounted for 97.61 
of the total variance in mean reaction time scores. 
36 
Sex Differences ... ~ ~-... -
l'Iean reaction time fer "same" scores was 1732 msec for 
females . (S. D. = 366) and 1710 msec for males (S. D. = 306). 
Males were also faster for "different" responses, with an 
average latency of 2479 msec (S.D. = 809) compared to 2615 
msec for females (S.D. = 522). As prEviously reported, 
however, neither the main effect for Sex nor the Sex X Angle 
interaction was statistically significant. 
A series of regression analyses were conducted 
separately en male and female data in order to estimate the 
magnitude of the threshold for mental rotation for each sex. 
The procedure used was the same as that employed in 
estimating the threshold fer the grcup data described above. 
successively 
the obtained 
than zero • . 
(Males) and 
larger angles were added to the analysis until 
regression slc~e became significantly greater 
Results are shewn in Tables 8 (Females) and 9 
indicate a threshold of 18 degrees for females 
and 21 degrees for males. 
Separate regression analyses, which are also summarized 
in Tables 8 and 9, were then conducted fer non-threshold 
angles on males (0, 24 to 18G0 ) and females (0, 21 to 180°). 
For females, intercept was 1083 msec (S.! • . = 825) and slope 
was 14. 66 msec/degree (S. E .• = 1. 02) , which was significantly 
different from zero (t = 14.333, df = 206, p < .001). 
Correlation between angle and reaction time was 0.707, which 
accounted fer 49.9% of the variance. For males, intercept 
was 1201 msec (S.E. = 853} while slope was 12.53 msec/degree 
-
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(S.E. = 1.09), which was significantly greater than zero 
slope (t = 11.546, df = 161, p < .C01). Correlation between 
angle and reaction time fer males ~as 0.673, accounting for 
45.3% of the variance. 
--------------~---------------------------------------------------------------------------------------------------------Table 8 
Regressicn Summary for Females 
--~---------------------------------------------------------Range of Angles Intercept' SE Slc~ez SE t df r 
------------------------------------·-----------------------0-9Q 1108 359 -9.01 11. 69 -0.771 82 -.oa 
0-12° 1086 356 -1. 77 8.34 -0.212 102 -.02 
o-1s 0 1081 35E -0.77 6.30 -0.122 123 -.01 
0-18° 1051 Q26 5.25 5.66 0.896 145 • 074 
0-21° 1026 435 9.33 4.87 1. 917* 167 .147 
o, 21-180° 1083 825 14.66 1. 0 ~ 14. 333** 2 Q6 c • 7 07 
------------------------------------------------------------Notes: 
'Intercept and its standard error are expressed in msec. 
2s1ope and its standard error are expressed in msec/degree. 
* p < .os 
** p < .001 
-------------------------------~-------------------~-------~ ------------------------------------------------------------
Slope . estimates indicated a rotaticn rate of 68.2 
degrees per second for females and 79.8 degrees per second 
for males. An analysis cf ccvariance (ANCOVA) revealed that 
the difference in slcpes was not significant (F = 2.os, df = 
1, 367, p > .05) (Biomedical Computer Program EMDX82; Dixon, 
1971). ANCOVA analysis also shewed that the 118 msec 
advantage in intercept for females was not significant (F = 
0.19, df = 1,368, p > .05). 1 
The correlaticn between reaction time and angle was also 
calculated separately for males and females based on 
latencies for all angles, including threshold angles. Th-e 
-
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correlation for females ~as o.750 (df = 335, p < .001) and 
for males was 0.747 (df = 289, p < .001). 
------------------------------------------------------------------------------------------------------------------------Table 9 
Begressicn summary for Males 
---------~---·--------------~------------------------~------
Bange of Angles Intercept~ SE SlcFe 2 SE t df r 
-------·-------------------------------------------------~--
0-9° 1041 301 9.62 10.5€ o. 909 70 .108 
0-12° 1048 326 7.55 8.10 C.932 88 • 099 
0-15° 1042 334 8.97 6.27 1. 43 0 106 .138 
0-18° 1049 359 7.61 5.33 1. 427 124 .127 
0-21° 1054 359 6.79 4.35 , • 56 0 142 .130 
0-24° 1025 381 1 o. 94 3.86 2.833* 160 .218 
o, 2 4-180° 1201 853 12.53 1.09 11.546** 161 .673 
-------------------------~----------------------------------Notes: 
'Intercept and its standatd error are expressed in msec. 
zslope and its standard errcr are expressEd in msec/degree. 
* p < .01 
** p < .001 
-----·--------------------------~-------------~-----------------------------------------·-------------------------------
Individual ]ll.s 
Since only two data pcints were obtained from each 
subject at each angle, results based on individual data are 
subject to cautious interpretation due to the unreliable 
nature of the estimates. Particularly unreliable would be 
estimates of individual thresholds. _ Mere than two data 
points per angle would bE necessary to provide stable 
estimates of the regression ccefficients. 
Average reaction time at each angle for each subject's 
"same" scores appears in Appendix r. Summary statistics for 
individuals appear in Tables 10 (Females) and 11 (Males). 
Included are means and standard deviations for "sam-e" and 
"different" respcnses, as well as a brief summary of basic 
39 
regression parameters for each subject. Intercept and ~lope 
estimates were based en average reaction time for angles O, 
30, 60, 90, 120, 150, and 180°. ~hese angles were chosen so 
as to maximize the chances of excluding an individual's 
threshold angles sc that a reascnacle estimate of the rate 
cf mental rotaticn migbt be ottained for each subject. 
------------------------------------------------------------------------------------------------------------------------
Table 10 
Individual Data summary 
Females 
-----------------------~~-----------------------------------Reaction Timet 
Same Different Rate3 of 





































































































• 04 7 
• 04 7 
------------------------------------------------------------Notes: 
•Means and standard deviaticns fer "same" and "different" 
reaction times arE exFr~ssed in msec. 
2rntercept is in msec. 
3Rate is in degrees Fer second. 
4 The correlation r is between ·angle and average latency 
for the O, 30, 60, 90, 120, 150, and 180° angles. With 
df = 5, the significance levels are: 
* p < .as 
** p < • 01 
*** p < .001. 
5 Total error rate is the combined error rate for both 
"same" and "different" figures and fer toth types of 
errors (see Appendix F) • . 
---------------------------~--------------------------------
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Once estimates of the rate cf rctaticn and the intercept 
for each subject had been cctained, the correlation of these 
two parameters was calculated. For all subjects combined 
this correlation was 0.276 (df = 18, p > .05), while for 
males it was 0.340 (df = 7, p > .OS) and for females 0.221 
(df = 9, p > .OS), a difference which was not significant (z 
= 0.239, p > .05). 
-------------------------~-------------------------------------~-----------·-------~------------------------------------Table 111 
Individual Data Summary 
Males ---------------------------4'.9'--------.. --.. - · --~--------
Reaction Time Total 
Same Different Bate of Error 
Subject Mean SD Mean SD Intercept Rotation r Rate 
------------------------~-------------------------------~---
4 1421 1036 2153 831 465 57.0 .845* • 04 7 
5 2088 1406 2663 1800 1481 53.4 • 796* ' .062 
6 1397 807 2024 1192 1293 130.6 .537 .016 
9 1871 1054 4140 2079 1478 70.8 • 876** .062 
13 1708 657 1792 427 1633 159.4 .652 .031 
15 1204 630 1450 464 987 116.S .954*** .~41 
17 1751 689 2144 940 1252 9 2. 1 • 896** .031 
18 1995 1032 2978 888 1279 61. 7 .878** • 04 7 
19 1958 814 2970 1260 1488 98. 1 .648 .047 
Notes: 
'See Notes for Table 10. 
----------------------~---------------~----------------------------------------------------------------~----------------
Also included in Tables 10 and 11 is the correlation 
between "same" response latency and the 7 angles included in 
the regressicn analysis. !he extent of the unreliability in 
the individual data can be seen by noting that this 
correlaticn failed to reach the .os level of statistical 
significance for four cf the 20 subjects (Subject #'s 6, 13. 
41 
19, and 20). 
Because data from "different" respcnses do not have any 
bearing en the hypotheses cf EXFeriment I, the analysis of 
these data is net fresented here. However, a complete 
analysis of "different" data may be found in Appendix E. 
overall error rate for all subjects fer both "same" and 
"different'' resFcnses was 0.049, veiy similar to the error 
rate of 0.032 obtained by Shepard and Metzler (1971). Error 
rate for "same" figures was 0.055 and fer "different" 
figures was 0.044. Error rate for females was 0.046, vhile 
for males it was 0.054 • . ~hese results are summarized in 
Table 12. Error rates for individual subjects, which ranged 
Table 12 











from zero to 14.1j, appear in Tables 10 and 11. Appendix F 





]~Ei~sati2.n 2! uevious ]~sYll~ 
With respect to the larger angles cf rotation, 
Experiment I has essentially reFlicated the results of 
previous studies. The effect of the Angle manipulation for 
••same" responses was large, acccunting for 74% of the 
variance in the reaction time scores, while the correlation 
between angle and the obtained average reaction time at each 
angle was extremely high . (r = 0.988) • . While Shepard and 
Metzler (1971} de net report these statistics for their 
data, it seems frcm the plot cf the means and standard 
errors of their data (Shepard & Metzler, 1971, Figure 2) 
that rouihly similar estimates of w2 and r would have been 
obtained had they been calculated. (My o~n calculation, 
based on their Figure 2, gives a correlation of 0.999 for 
the Shepard and Metzler mean reaction time data; 
unfortunately, it is not possible to estimate w2 based on 
limited graphical information.) 
Very similar estimates cf intercept, the time taken to 
make a decision after rotation has been completed, were 
obtained in the two studies • . Begressicn analysis on the 
larger angles of rotation in EXFeriment I revealed an 
intercept of 1.116 msec, while an estimate derived from 
Shepard and Metzler's Figure 2 yielded an intercept estimate 
of 1167 msec. Furthermcre, the obtained intercept is 
consistent ~ith those attained by other investigators using 
-
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similar stimulus figures (Gaylord & Marsh, 1975; Just & 
CarpEnter, 1976). 
Differing somewhat for the two studies were the obtained 






a rate of "apFrcximately 60 degrees per second" 
their Figure 2 actually seems to indicate a rate 
50 degrees per seccnd), while Experiment I 
a rate of about 73 degrees per second. It is not 
this difference is significant. Unfortunately, 
most other mental rctation studies have used letters as 
stimuli, and only a fe~ studies have used the 
three-dimensional figures used in beth the present study and 
in the Shepard and Metzler study. Without a number of 
studies to refer to, it is hard tc judge the significance of 
the . obtained differences i~ rctaticn rate. Gaylord and 
Marsh (1975) obtained rctation rates of about 100 degrees 
per second for younger college students (ages 18-24} and 
about 60 degrees per second for older college students (ages 
65-72). . Metzler and Shepard (1974) reported a rate of 
approximately 50 degrees per seccnd when distinctive 
"landmark" features were added to the ends of the stimulus 
figures, presumably as an aid to the ccmparison of standard 
and comparison figures. Just and Carpenter (1976) obtained 
rotation rates of about 35 degrees per second, although 
their subjects wore eye movement recording devi~es, Yhich 
might account for the much slower rate found in their study. 
The rate obtained in the Fresent study seems to fall 
-
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within the range reported by ether investigators using 
similar stimulus figures. Subjects in Experiment I received 
far less practice than did subjects in the Shepard and 
Metzler (1971) study and yet displayed faster rates of 
rotation • . No systematic studies of the effect of practice 
on the parameters of the mental rotation task have been 
undertaken. In fact, Cco~er has suggested that practice 
probably does not affect the rate cf mental rotation at all 
(Cooper & Podgorny, 1976) • . Nevertheless, it might be 
worthwhile to conduct such a study, as some investigators 
have informally reported practice effects which tend to 
reduce slope and intercept while not changing the linear 
nature of the function (Cooper, 1975; Petrusic, et al., 
1978), while others have observed no ~ractice effects at all 
(Cooper & Shepard, 1973a). _ 
Perhaps more important than considerations of practice 
is the fact that cnly two _different stimulus figures were 
used in the present study, as compared to five used by 
Shepard and Metzler • . It is ~lausible that the slower rate 
of rotation obtained by SheFard and Metzler might be due to 
some uncertainty as to which figure ~as about to be 
presented on any particular trial. This ccmfonent of 
reaction time would be pre-rotaticnal and therefcre not 
distinquishatle from the rate cf rotation when analysed 
. 
simply by a least squares procedure. By monitoring eye 
movements during a mental rotaticn task, Just and Carpenter 
(1976) were able to separate the transformational and 
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pre-rotational compcnents cf reaction time. The resulting 
transformational component indicated a rate of rotation of 
about 65 degrees per second. While Just and Carpenter used 
cnly three subjects, ether aspects of their study render it 
very similar to the present cne: they used only three 
stimulus figures, and their subjects received only minimal 
pre-test practice. 
systematic studies 
It is impcrtant to ncte, however, that 
of the effects or mental rotation of 
number of stimulus figures have also not been conducted. It 
is, therefore, only possible to speculate that fewer 






pre-rotaticnal processes, such as search for 
aspects of a figure, or its distinctive end 




is certainly more ccnsistent with the rates 
than with the rates fcund by investigators who 
figures different frcm those used in the 
present study. Petrusic, et al., (1978) found a rotation 
rate of approximately 27C degrees fer second using a simple, 
right-angled line drawing, while Hochberg and Gellman 
(1977), using a very similar figure, fcund a rate of about 
300 degrees per second. Use of letters as stimuli produce 
even faster rates cf mental rotation and, in general, it 
seems that more familiar stimuli can be rotated at greater 
speeds than less familiar ones. Fer examfle, carpenter and 
Eisenberg (1978} found a rate of 450 degrees per second for 
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letter stimuli, while for similar stimuli cooper and Shepard 
(1973a, 1976) reported rates in excess cf 600 degrees per 
second • . 
A IhI~~ill !~.! Ment~l ~2:!illiD 
The results of ExFeriment l have also extended the 
findings of previous studies. All previous studi~s have 
found significant linear increases in reaction time as a 
function of angle of rctaticn, generally with no significant 
second-order (quadratic) trEnds • . However, no p~evious 
studies have examined angles cf rotation of less than 20 
degrees. The inclusicn of these angles in Experiment I has 
produced a significant, though small, second-order trend in 
the reaction time data. 
It is apparent, of course, that the linear component of 
the trend accounts for a very large proportion of the 
variance in these data, as a glance at Figure 5 readily 
shows. In fact, the linear trend accounts for 97.6% of the 
variation in reaction time due to the Angle manipulation and 
to 72.3% of the total variance in the reaction time scores. 
The second-order trend, on the ether hand, while 
statistically significant, is quite a small effect, 
accounting for 0.9~ of the variation in reaction time due to 
Angle, and only 0.6j cf the tctal variance in reaction time 
scores. 
It is important to emFhasize, however, that the size of 
the second-crder trend fcund in Exferiment I should not 
mitigate its imFortance • . Althcugh it is true that small 
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effects can be made ~!ili~ticalll significant simply by the 
inclusicn of a sufficiently large numter of observations 
(e.g., Nunnally, 1960), it is • also the case that the 
judgement of the importance cf an effect should be made by 
considering its n~ll£s1 significance. This is an issue 
that has been widely debated in the psychological 
literature, and in its extreme form bas led tc the complete 
eschewing of statistical analyses. (This point of view is 
most frequently found in the clinical and functional 
analysis of behavior literatures, where it is argued that 
statistical analysis wculd lead to the _ discovery of weak and 
unstable variables which might confound, complicate, and 
otherwise delay the develcpment of the field (Eaer, 1977).] 
The smallness of the seccnd-order trend is, cf course, 
primarily due . to the fact that the magnitude of the 
thr~shold itself is rather small. However, the result is 
also partly artifactual • . ThE reason fer this is that the 
reaction time function being analysed includes angles which 
extend far beyona the tbreshcld itself. In fact, the range 
of angles examined in Experiment I is approximately one 
order of magnitude larger than the threshold. Under these 
circumstances the threshold cculd net possibly account for a 
very large propcrtion of tbe variance. If the range of 
angles examined in the Fresent study had been restricted, 
for example, to 45 degrees instead of 180 degrees, the 
proportion of variance accounted for cy the second-order 
trend would have undoubtedly been much mere imFressive. 
48 
Although the effect is small, there are both practical 
and theoretical reascns why th~ seccnd-order trend should 
not be dismissed as a mere statistical artifact. In spite 
of the fact that the linear ccmFonent of the trend accounts 
for an impressively large .Frcporticn cf the reaction time 
variation, the regression line fit to the data actually does 
quite poorly as a predictor of reaction time for small 
angles. , Figure 5 clearly shews that the predicted values of 
the · angles frcm zerc to 21 degrees are systematically 
greater than the cbserved values. The bias is for some 
angles quite substantial; for example, at 15 degrees the 
predicted reaction time is 1322 msec, 215 msec greater than 
the obtained value and an overestimation cf nearly 20%. 
More important than the predictive capability of the 
linear · trend component are the theoretical considerations 
with which the seccnd-order trend is asscciated. The 
second-order trend found in Experiment I is directly 
interpretable as a threshold for mental rotation, and 
although small, has important theoretical implications. 
Previous research suggests that mental rotation is an analog 
process wherein the internal representaticn cf an object is 
rotated into standard form before a "same-different" 
discriminative judgement can bE made • . In the course of 
comparing the shapes of two similar cbjects differing in 
orientation, an observer passes through a series of internal 
states which bear a one-to-one relation tc the corresponding 
physical states that the cbject would pass through in order 
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to acheive congruence. 
The finding of a threshcld fer mental rotation suggests 
that the template matching mechanism which performs 
"same•different" comparisons is tc some degree flexible. 
Thus, objects with subthresbold angular disparities are not 
rotated at all, but are immediately accommodated by the 
flexible template system. However, the converse 
proposition, that objects with supra-threshold angular 
disparities need be rotated only intc the psychological zero 
region for a comparison to cccor, is not supported by the 
data. -The regression line for supra-threshold angular 
disparities indicates, as Figure 5 shows, that the rotation 
of the comparison figure continues all the way to zero 
degrees. The SUFra-threshold regr .ession line does not 
intersect the subthreshcld regression line near the 18 
degree point, as would be expect~d if mental rotation were 
discontinued as soon as a rotated figure attained 
subthreshold disparity with respect to a standard figure; in 
fact, the intercepts cf the supra-threshold (1116 msec) and 
the zero-slope subthreshold (1109 msec} regression lines are 
nearly identical, differing by only 7 msec. 
Why should supra-threshcld angles be rotated entirely 
back to the zero degree orientaticn of the standard? Such a 
strategy appears to be an inefficient use of processing 
capacity, especially fer angular disFarities which exceed 
threshold by only a fe~ degrees. Yet this strategy was 
adopted by all but two subj~cts (and possibly for one other 
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subject as well, although the individual data for this 
subject was 
may lie in 
not unambiguous in this resFect). The answer 
the limited amcunt of practice received by the 
subjects in this experiment • . In pErfcrming the relatively 
novel task presented in the mental rotation paradigm, 
subjects may have adopted a cautious strategy. Thus, 
subjects may have rctated to zero degrees in order to 
maintain a high degree of accuracy in an unfamiliar task. 
Alteration of the speed-accuracy trade-cf£ by instructing 
subjects to emFhasize speed of response at the expense of 
accuracy should, by this reascning, push the point of 
intersection of the regression lines for sub- and 
supra-threshold angles up t~ 18 degrees. The same effect 
should also be acheived by greatly increasing the number of 
practice trials. Recent work by Schneider and Shiffrin 
(1977; Shiffrin & Schneider, 1975, 1977} on controlled and 
automatic search processes seems to support these ideas. 
Nevertheless, research needs tc be ccnducted to determine 
whether there may be another, mere theoreticaly important 
reason for continuing tc standard orientation rotation of 
comparison figures with supra•threshold angular 
orientations • . 
~~gnitYS~ 2! ih~ IhresDoJd 
An "eyeball" analysis cf Figure 5 suggests that the 
threshold fer mental rotation for the stimuli used in 
Experiment I is at least 15 degrees. Abcve this point, data 
points begin tc drift systematically to~ards tbe main 
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regression line • . Inclusicn of points beyond 15 degrees in 









analyses were therefore conducted in 
when the slcpe of the regression line 
greater than zero. These analyses, 
in Table 7, suggest a statistical 
threshold of 18 degrees • . 
With the inclusion of the data from the 21 degree angle, 
the slope of the regressicn line teccmes significantly 
greater than zero. Even before this point, however, as an 
examination of both Figure 5 and Table 7 shows, an 
appr~ciable slope is exhibited by the regression line, 
albeit not a statistically significant slcpe. If the slope 
associated with .the sub-threshold angles were no different 
from the 
might be 
slope exhibited by the su;ra-tbreshold angles, it 
legitimate to conclude that the non-significant 
slope of the smaller angles was due tc unreliability in the 
dependent variable and . not to the existence of a threshold. 
But the rate of rotaticn indicated by the slope for the 
angles from zero to 18 degrees is ai:prcximately 160 degrees 
per second, more than twice the rate of rotation cbtained 
for the supra-threshcld angles. In fact, this rate is 
greater than that attained in any study using similar 
stimulus figures. Only two individual subjects exhibited 
similar rates of rotation (see Tables 10 and 11), and for 
one of these subjects (Subject #13) the slope, even at 180 
degrees, was not statistically significant. Th€ logic of 
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the regression approach to the estimaticn of threshcld 
magnitude suggests that this subject's threshold is in 
excess of 180 degrees. Of ccurse, such a large threshold is 
extremely unlikely for figures as complex as those use~ in 
this experiment. , The BT's fer this subject clearly increase 
from zero to 180 degrees (see Appendix D for individual 
reaction time data . at each angle), but in such an erratic 
fashion that the standard errcr of the slc~e is greater than 
the slope itself. . For this subject, then, data is 
unreliable to the extent that an estimate of the threshold 
for mental rotaticn would be misleading. 
The case of subject #13 illustrates the problem of the 
regression approach to the estimaticn of threshold 
magnitude: unreliable data ~ay be confused with random 
variation about a regression line with zero slope. While 
this is a problem with respect to the interpretation of the 
individual data summarized in Tables 10 and 11, and 
therefore this data should be interpreted cautiously, it is 
probably not a problem with respect tc the grouped data. 
There are several reasons for this point of view, the most 
important of which is that the threshold was predicted to 
occur in the vicinity of the pcint at which it was found. 
Secondly, there is no particular reason why unreliable 
data should exhibit neaI-2ero slcpe. In fact, unreliable 
data might exhibit any degree of slope; it is the standard 
error of the slope which indicates if th€ slope is 
significantly different frcm zero. If the standard error is 
5.3 
large enough, then even appreciable slope may not attain 
statistical significance. Table 7 lists the slopes and 
standard errors of several ranges of angles in the region of 
the threshold • . While the standard errors are large in 
comparison to that obtained for the non-threshold angles, it 
is important to note that the slopes masked by these 
standard errors indicate rates cf rctaticn much greater than 
obtained by other investigators using similar figures. If 
instead these slopes indicated a rate of rotation more 
similar to the rate found fer su~ra-tbreshold angles then, 
as mentioned above, it wculd te legitimate to conclude that 
the data were merely unreliable, and not indicative of a 
threshold. 
A third reason is that there is onlj a small increase in 
reaction time over the range of angles included in the 
threshold, and net the e~treme variation that would be 
ch-aracteristic of unreliable data. Finally, the standard 
Errors of the reaction times (see !able 3) for threshold 
angles are net consistent with an interpretation of 
unreliable data. In fact, these standard errors are only 
about one-half tc cne-third the value of the standard errors 
at larger angular crientaticns. In this sense, then, data 
from the threshold angles is probably~ reliable than the 
data from the SUFra-threshclq angles. 
A more conservative estimate of threshold magnitude 
would be 15 degrees, a value probably mere consistent with 
the "naked eye" appearei:ce cf Figure 5. At 15 degrees, thta 
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obtained slope would indicate a rate of rotation of 
approximately 265 degrees per second, a rate much greater 
than displayed by any individual subject. This rate is also 
much greater than that octained in other studies using the 
Shepard and Metzler (1971) . figures and is, in fact, more 
consistent with the rates obtained with the use of much less 
complex figures (e.g., Hochberg 6 Gellman, 1977; Petrusic, 
et al., 1978). 
In any event, it seems that there exists for the 
three-dimensional line figures used in the present study a 
threshold for mental rotatio~ of 15 to 18 degrees. 
An alternative interfretaticn of the data is possible, 
however, in which small angles are rotated at an extremely 
rapid rate. _ The idea of differential rates of rotation 
which depend UFCn the initial extent of the angular 
orientation of a figure seems less parsimonious, though, 
than the relatively simple .concept of a threshold • . such a 
point of view would require the FOStulation of a mechanism 
which accelerates rotaticn as the internal representation of 
an object aFprcaches standard orientation. There is no 
clear~ ]lliii reason why this shculd occur • . 
At the present time, the mental rotation process can be 
described adequately by two mechanisms: one which rotates 
the internal representation into standard form and a second, 
the template-matching system, that then makes a 
"same-different" judgement. The threshold concept of mental 
rotation requires a mcdification of this model with respect 
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to the template-matching system, which becomes flexible to 
the extent that small angular departures from standard 
orientation can be accommodated without rotation. This 
mechanism is completely described simFlY by a specification 
of the size cf the threshold. 
The acceleration hypcthesis, however, requires a 
modification of the rotational Frccess so that the rotation 
rate accelerates as the internal representation of an object 
approaches standard crientation. This hypothesis requires a 
specification of the rate of acceleration of the rotation 
process. As with all accelerations, this rate would have to 
be expressed as an inverse exponential function, for 
example, in degrees per second per second. While such a 
specification wculd not be difficult, it is clear that 
acceleration is a more complex conceFt than the much simpler 
concept cf a threshold. 
Of course, within the bcunds of experimental error in 
the present experiment, it is net FCSsible to rule out the 
_possibility of extremely rapid rotation rates for 
"threshold" angles. In fact, by the methods used in 
Experiment I, it is Frobably not possible to distinguish 
between these alternative hypotheses, fer such methods will 
always contain some degree .of measurement error. In fact, 
both processes . may cccur, interrelated in some co -mplex 
fashion, or even separately en different trials. 
Nevertheless, it is probatly safer to adept, at the present 
time, the theoretically less cumbersome and more meaningful 
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concept of a threshold fer mental rotaticn. 
~~ Di!feren.£§~ 
The results of Experiment I have, for the most part, n-ot 
supported the hypothesis of sex-related differences on the 
mental rotation task. Althcugh there was a tendency for 
males to respond faster en beth "same" (by 22 msec) and 
"different" (by 136 msec) trials, neither difference 
approached statistical significance. Intercept was faster 
for females than for males (by 118 msec) although, again, 
the difference was net signi~icant. 
The variables of primary interest ~itb respect to the 
hypothesis of 
the - size of 
sex differences are the rate of rotation and 
the threshold. It is these variables which 
should exhibit sex-related differences if, indeed, there are 
male-female differences in cognitive spatial ability. In 
Experiment I# males were found to rotate the stimulus 
figures at a rate of nearly 80 degrees ~er second • . For 
females this rate was about 68 degrees ~er second, about 12 
degrees per seccnd slower . than for males. ihile this 
difference 
nearly 20% 
appears large ~roportionately--males rotate 
faster than females--the difference is actually 
not statistically significant. 
Tables 10 and 11 show that a ~ide range of individual 
differences 
rotated was 
in the rate at which the stimulus figures - were 
found, with considerable cverlap in the 
distribution of the rates between rr.ales and females. 
Rotation rates fer females ranged from 47.8 to 155.1 degrees 
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per second (see Table 10), , while for males the range was 
from 53.4 to 159.4 degrees fer seccnd (see Table 11). Data 
for individual subjects is net often given in mental 
rotation studies but is available in a few instances. In 
the original Shepard and Metzler (1971) study, which used 
. stimulus figures essentially id€ntical to those used in 
Experiment I, the range of rctation rates ortained was from 
40 to 75 degrees per second (Metzler & Shepard, 1974; their 
Figure 4) • . In a subseguent experiment, again using the 
three-dimensicnal line drawings as sti~ulus figures, 
rotation rates ranged from 30 to 70 degrees (Metzler & 
Shepard, 1974; their Figur~ 12). These ranges are smaller 
than found in Experiment I; in neither case, howev~r, was 
th€ sex of subjects reported. 
Petrusic, et al • . (1978) also reported individual rates 
of rotation, although they used much simpler stimulus 
figures than were used in the present study • . Th~y found 
that individual subjects varied considerably in ability to 
rotate, with rates ranging frcm 89 to 481 degrees per 
second~ _ Unlike the present study, however, Petrusic found 
substantial sex differences in the speed of mental rotation. 
Botaticn rate for females was 12S degrees per second, but 
for males was 227 degrees per second. They also found no 
significant intercept difference between males and femal€s 
(males faster by 190 msec), but the slopes diverged 
considerably for the twc groups of subjects, giving a 
significant Sex by Angle interaction. !his interaction was 
se 
not significant in the present study ·(see Table 2). The 
difference in rotaticn rate in the Petrusic study amounts to 
a 75% advantage in rotation speed fc~ males ever females, 
nearly four times that found in Experiment I. 
How can we account for these conflicting findings? The 
basic difference between Experi~ent I and the Petrusic, et 
al. (1978) study is that different stimulus figures were 
used in the two studies, with mere ccmFlex figures used in 
the present study. It might tentatively be suggested, then, 
that sex differences in rotation rate cnly appear with 
fairly simple stimulus figures. consistent with this 
proposal is the finding by corballis, Nagourney, Shetzer, 
and Stefanatos (1978) of no sex differences in rctation rate 
with a more complex figure than used in the Petrusic, et al. 
(1978) study • . 
This hypothesis is, hc~ever, opposite to what is 
expected based en the findings cf greater spatial ability 
for males than for females reported by a number of 
researchers (Maccoby &_ Jacklin, 1974). _ Botation rates for 
relatively simple figures should be less affected by 
in~ividual differences in spatial ability than for more 
complex figures, which should be more easily accommodated by 
subjects with greater spatial ability. As stimulus 
complexity increases, subjects with less spatial ability 
should find it increasingly difficult tc rctate figures, and 
thus should begin to lag behind their more gifted 
counterparts. Accordingly, greater disparities in rotation 
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rate for the sexes should be evident on ccmplex figures, and 
not en simple figures. The opposite pattern seems to hold 
if the results cf both the Fresent experiment and the 
Petrusic, et al • . (1978) study are taken as veridical. 
While no difference between males and females for 
rotation rate was fcund, a small difference in threshcld 
size was evident. · Begression analyses revealed a threshold 
of 18 degrees for female~ and 21 degrees for males, 
apparently consistent with a view cf greater spatial ability 
for males than for females. Thus, it seems that the 
flexible template-matching mechanism for males is more 
accommodating~ i.e. 
females, presumably 
possessed by males. 
Since reliable 
~ore · il~ibl§~ for males than · for 
because of the greater spatial ability 
estimates of individual thresholds were 
not attainable in this studi, a direct statistical test fer 
the difference in threshoid was not pcssitle. However, 
there are at least two reaso~s why the difference may not be 
significant, a weak statistical reason and a strong 
functional r_eascn. The statistical ccnsidera ticn lies in 
the overall ANOVA results (see Table 2). A difference in 
tbreshcld between males and females means, essentially, that 
the shape of the reaction time function ever levels cf Angle 
should differ for the two sexes. 
Angle interaction should have 
Thus, a significant Sex by 
been obtained. As we have 
already seen, this interaction ~as net significant. This 
argument is not strong, however; when the number of levels 
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cf a factor are fairly high, small discrepancies in the 
shape of two functicns may be masked in the overall 
interaction test (Winer, 1911). ~he 3 degree difference in 
threshold amcunts to less than 2% of the range of angles 
covered in the present study. The protlem is roughly 
analogous to that of detecting a threshcld of only three 
degrees in Experiment I: ,dtb 16 levels cf Angle it is 
doubtful that a trend analysis wculd have revealed a 
departure from linearity of only 3 degrees. Similarly, a 
small but reliatle threshold difference may exist between 
the two grcups e~en though the sex by Angle interaction is 
not si9nif icant. 
Whether the 3 degree difference in thresholds is 
statistically significant or not is seccndary to the 
consideration of the practical er functional significance of 
such a difference. The literature on sex differences in 
spatial ability does not, unfortunately, allow a precise 
prediction as to the size of a threshold difference between 
the sexes, only that we should expect to find such a 
difference. Nevertheless, mcst observers would probably 
agree that a larger threshold advantage for males than 
obtained would be more consistent with the results of other 
spatial ability studies sho~ing a clear superiority for 
males (Maccoby & Jacklin, 1974). A difference in thresholds 
an order of magnitude larger than actually found would not 
have been especially surprising. With respect to the sex 
differences literature, the attained 3 degree threshold 
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difference is tantamcunt tc no difference at all. Even if 
the difference is reliable, it is tct clear that a 
functional advantage in the ability to spatially manipulate 
internal representaticns is thereby ccnferred to males. 
Findings of individual differences in the speed of mental 
rotation, both in the present experiment and in others 
(Petrusic, et al., 1S78), as well as such differences found 
in other perceptual tasks . (Cooper, 1976t), suggest that 
appropriately designed research ~ill find such differences 
in the size of the threshold fer mental rotation as well. 
Whether such differences will be sex-related, as Petrusic's 
results suggest they might be, is a question only such 
research can answer. 
It is hard to reconcile the findings of Experiment I 
with the main body of literature en sex differences in 
spatial ability • . Males and females did not differ 
significantly in the speed with which they rotated internal 
representaticns and, while a 3 degree difference in 
threshold magnitude was obtained, it is likely that the 
difference is so small as to be functionally negligible. 
Besides stimulus considerations, ancther potential 
source of the negative sex differences finding may be due to 
a selection bias in subject sampling. Female subjects were 
highly educated and fer this reason may have been mer€ adep~ 
at spatial tasks than female subjects tjpically included in 
spatial abilities studies. Although there is evidence that 
training E~• ~~ does net increase spatial abilities for 
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females (~cGee, 1978a, 1979), recent studies have also 
indicated that experiential factors may be important in the 
development of spatial skills (Nash, 1975; Sherman, 1978) • . 
Selection 
included in 
bias may also have operated on male subjects 
the study. Although also highly educated, it 
seems at least possible that males who select careers in 
psychology possess less spatial ability than males in 
general. _ Thus, selection bias may have operated in opposite 
diractions to minimize sex differences in the present study, 
although it must be admitted that these speculations are 
RQ~! -hog~ 
Coltheart has suggested that the occasional failure to 
find clear or consistent ser differences in visuospatial 
tasks may be the result of "impurities" in the task, that 
is, due to the verbal components of a spa~ial task or to the 
spatial components of a primarily verbal task (Coltheart, 
Hull, & Slater, 1975) . However, it seems unlikely that the 
mental rotation task is "contaminated" by verbal components, , 
Only one subject, ·a · female (Subject #10), claimed not to use 
visual imagery in performing the mental rotation task • . Yet 
this subject's data are among the most reliable of any 
subject, and her rate of rotation among the fastest (see 
Table 10). This subject may actually have used visual 
imagery, her introspective claims to the contrary, rather 
than some propositional scheme, for it is difficult to see 
how a verbal a~proach to what appears to be an entirely 
visual-spatial task could produce such fast - and reliable 
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responding . At any rate, data recently collected by Jorm 
(1979) indicate that even the purely visual and verbal tasks 
used by Coltheart, et al . ~ (197~ in obtaining sex 
differences in imagery and reading occasionally produce 
findings of no sex differences ~ 
It is tempting to conclude that differences in the 
cognitive spatial abilities of males and females simply do 
not exist, at least not for the highly educated observers 
used in Experiment I , In view of the extensive literature 
on such sex differences, however, it may he premature to 
advance such a hypothesis, even limited to the mental 
rotation paradigm . , Not enough evidence has yet been 
collected for firm conclusions to be drawn concerning the 
relationship between sex and the parameters of the mental 
rotation task • . 
PAET II 




Experiment I has demcn~trated th€ existence of a 
threshold fer mental rotaticn of about 18 degrees. From 
this result it was inferred that the template-matching 
mechanism which perfcrms "same-~iff~rent'' comparisons is 
flexible to the extent that angular disparities betv€en 
standard and comFarison figures of less than 18 degrees need 
not be rotated. Thus, subthresbcld disparities are 
immediately acccmmodated by the flexible template system. 
The existence cf a threshold im~lies that angular 
disparities of O to 18 degrees are FSychologically 
equivalent to the standard orientation, that is, a physical 
angular disparity of zero degrees. 
The question that immediately arisss ccncerns the extent 
to which the psychclcgical zerc region is dependent upon a 
sensory threshold (putting aside, for the moment, 
consideration of the statistical nature of sensory 
threshclds; cf. Swets, 1961). Thus, it may be that a 
threshold of 18 degrees was obtained, not because the 
template-matching mechanism is flexible tc that degree, but 
because an angular disparity of 18 deg~ees between two 
r 
similar figures is simFlY not detectatle by cbservers. 
At first, such a proposi~ion apFears extremely unlikely. 
It is well knew~, fer example, that human visual acuity is 
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exceedingly fine, with a limit under ideal seeing conditions 
of 0.5 sec of arc (Hecht & Mint2, 1939). For the normal 
eye, the minimum visual angle that can be discriminated is 
usually specified as 1 miD cf arc, although the precise 
value is dependent upon a number of variables related tc 
both the type of test used to determine the observer•s 
sensitivity and the viewing conditicns ~nder which the test 
is conducted (Corso, 1967; Riggs, 1971) • . 
But visual acuity, as usually defined, refers to an 
observer's ability either to detect the presence of a single 
line or to resclve the separation between two lines. In 
this sense, visual acuity may have little tc do with the 
perception of angular disparity: an observer presented with 
two lines differing in orientation by cnly one minute of arc 
would be hard pressed indeed . to detect the difference! 
Furthermore, visual acuity is known to depend on the 
orientation of the test cbject (Emsley, 1925; Leibowitz, 
1953), a phenomenon generally known as the oblique effect: 
both humans and animals show a sometimes marked superiority 
in performing a variety of visual discriminations when 
stimuli are horizontal or vertical rather than oblique 
(Appelle, 1972; Beltz, Harwerth, & Smith, 1979}. 
Data on the discrimination of angular disparity may be 
gleaned from several lines o~ research. One such line comes 
from the literature on figural aftereffects (Deutsch, 1964; 
Ganz, 1966a, 1966b; Graham, 1951; Hochberg, 1971a, 1971b; 
Woodworth & Schlosberg, 1954). This research originated 
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with Gibson's (1933; see also Bales & Follansbee, 1935} 
incidental discovery that curved lines, after steady 
inspection, appear to lcse their curvature. It was 
subsequently noticed that tilted lines alsc appear to lose 
their tilt (Gibson, 1937a; Gibson & Fadner, 1937; Vernon, 
1934). Gibson (1937a, 1937b) attempted to explain the 
effect as cne of "noxmalization", an adaptation process 
similar to that found in brightness and color vision. 
Kohler and Wallach (1944) alternatively proFosed that 
inspection of any line created an area of "satiation" in the 
visual cortex from which the boundaries of a subsequently 
presented line appeared to be displaced. A vigorous debate 
followed most recently ccntributed to by Colthe ·art (1971}, 
w~o explained the effects in terms of the adaptation of 
orientation-specific units in the visual system. 
At any rate, many cf the studies designed to decide 
between the normalization and satiation hypctheses used the 
method of parallel alignment to secure data • . In this task 
observers are usually required tc rotate a comparison or 
test line until it appears parallel to a similar standard or 
inspection line. There are many variations of the method 




disparity; thus, observe~s err en the task to the 
that angular disparity in orientation between the 
line and the ccmFarison line is to some degree not 
apparent. 
One study which used the parallel alignment technique 
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was reported in a monograph by Kohler and Wallach (1944) • 
who 
them 
provided cbservers ~ith an inspEction line and required 





deviation of the test line from 
inspection line depended on the 
angular inclination of the ins~ecticn line (the oblique 
effect) • . Average deviation was 1° 21' for horizontal and 
vertical insFection line crientations and 2° 44' for oblique 
orientations. 
Prentice and Eeardslee (1950) also used the parallelism 
method, although in their variation subjects were not 
allowed to rotate the test line. Instead, th~ method of 
constant stimuli was used: subjects were asked to judge 
whether a test line was more er less tilted than an 
inspection line. In three seFarate experiments an 
inspection line was oriented 10 degrees from horizontal or 
vertical • . Average constant error for the three experiments 
was 2° 1 •, 2°, and 2° 8 • • . In a !:Ubsequent experiment the 
inspection line was vertical and average constant error was 
much lower, cnly 16 min of arc. 
Heinemann· and Marill (1954) replicated the Prentice and 
Beardslee (1950) experiments and found essentially similar 
results. Three different experiments Froduced average 
constant errcrs of 1° 57', 1° 36 1 , and 29 min cf arc. In a 
later study, Morant and Harris (1965) reguired subjects tc 
inspect isolated lines cf varicus tilts and then rotate 
these lines until parallel to a vertical standard. Average 
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deviation depended, net surprisingly, on the tilt of the 
inspected line, ranging frcm 6 tc 60 min of arc and 
averaging 31 min cf arc. 
A second line of research frcm which we may infer the 
extent to which angular disparity between lines is not 
visible to observers--research on the perception of 
angles--has a long and ccntroversial history, constituting 
some of the earliest research conducted under the heading of 
experimental psychology • . Early studies on illusions 
conducted by Wundt, Helmholtz, Hering, and Fechner seemed to 
indicate that observers must cverestimate acute angles and 
underestimate ottuse angles. This pattern was for several 
decades considered "common sense" but was successfully 
challenged by Jastrow (1892) · , initiating a debate which has 
not yet been resolved (Beery, 1968; Ecuma & Andriessen, 
1968; Emerson, Wenderoth, curthcys, & Emends, 1975; Fisher, 
1969, 1971; Lennie, 1971). . The aim cf such research has 
been towards explanations of -illusions which seem to depend, 
at least in part, en the presence of tilted lines, such as 
the Poggendoff (Green & Holye, 1964; Leibowitz & Toffey, 
1966), Zollner (Judd & ccurten, 1905; Wallace, 1964), Hering 
and Wundt (Crassini & Over, 1S78) illusions. 
Several different methcdclogical tEchniques have been 
used to study angle percefticn, which might account for the 
conflicting findings (Emerson, et al., 1915). Two of these 
technigues--absolute estimaticn and dot alignment--are not 
directly relevant to the percEpticn cf angular disparity and 
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need not ccncern UE f~rther. However, the parallel 
alignment and angle matching methods are relevant, although 
the latter technique lcses its applicability under certain 
circumstances (as in the reproduction variation, where an 
angle is matched from memory). _ 
Perhaps the earliest FsJchophysical study of acuity for 
tilt was that conducted by Jastrcw (1892), who required 
subjects to rotate a disk on which a line was drawn so that 
the orientation cf the line .matched that of another line on 
a similar disk. Crientaticn cf the standard line was varied 
in 10 degree increments from 10 tc 180 degrees from an 
imaginary horizontal line. Jastrow found for the setting of 
the ccmparison line an average deviation frcm standard 
orientation cf 1° 33', suggesting that an angular disparity 
in orientation for line stimuli of abcut one and a half 
degrees was not visible to bis subjects. Jastrow also used 
the angle matching technique, finding an average deviation 
Of 1° 50 I• 
Rochlin (1955) used a parallelism task very similar to 
that used by Jastrow. , Ecchlin, however, reported a much 
lower average error--about 11 min cf arc (0.3°)--perhaps due 
to the proximity of standard and test lines in his study. 
Using the angle matching method Maclean and Stacey (1971) 
found average deviaticn~ cf 3° 38' and 4° 53', depending on 
the presence or absence of hcrizontal and vertical line 
cues. 
Research on angle misperception has recently been 
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stimulated by the discovery of "crientation detectors" in 
both animal (Hutel & Wiesel, 1959, 1962} and human ~Andrews, 
1965, 1967a, 1967b; Cambell 6 Kulikowski, 1966) visual 
systems • . Blakemore, Carpenter, and Georgeson (1970) used a 
variation of the parallel alignment technique to demonstrate 
lateral inhibition between orientation detectors: a 
comparison line was manipulated by subjects until it 
appeared parallel to the base line of an angle which could 
be varied in size. Maximum average error cf 1° 59' occurred 
when angle size was 10 degrees; overall average error was 46 
min of arc. This result indicates that two lines of 
different crientation interact with each ether so that they 
seem to 
perhaps 
be displaced frcm one another in orientation, 
through mutual inhibition between neighboring 
columns in the visual cortex ~ , 
When the size of the "angle" was either O or 180 
degrees, subjects• task was reduced, essentially, to the 
more usual parallel alignment technique used by most 
investigators. Under these circumstances average error was 
only 17 min of arc, identical to the .value obtained by 
Bochlin 
angular 
(1955). The greater sensitivity 
disparity in the Blakemore, et al. 
of subjects to 
( 19 7 O ) study as 
compared to the performance of surjects in other studies may 
be due, as in thE Rochlin (1955) study, to the proximity of 
the comparison line and the tasE line, which never exceeded 
two degrees cf visual angle. , 
A recent study conducted by Matin and Drivas (1979) 
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broke from the traditional methods and used a signal 
detection paradigm tc investigate acuity for orientation. 
Observers viewed a standard line tilted at any of several 
angles from O to 90 degrees in 15-degree increments. A 
comparison line was then Fresented and observers were 
required to decide whether the ccmEariscn line was more or 
less tilted than the standard. Because of their method of 
data collection, average ~onstant errors are not reported 
for the Matin and Drivas subjects. While they deny finding 
any evidence for a threshold, Matin and Drivas nevertheless 
present some data suggestive of such a threshold. This 
evidence takes two forms: 1) the slope of the psychometric 
function; and 2) the isodiscriminability curves, especially 
when the discriminability index (d') equaled zero. 
The psychometric functicn is a plct cf d' as a function 
of the separaticn betieen standard and ccmparison lines. 
The intercept of this function indicates the size of the 
threshold. _ For cne subject average i~terceFt was 1° 49', 
while for the other subject average intercept was less than 
the smallest separation used in the experi~ent, which was 30 
min of arc. · Thus, the psychometric functions indicate 
thresholds of 1° 49' fer one . subject and less than 30 min of 
arc for the second subject. 
An isodiscriminability curve is a plot of integral 
values of d' as a functicn of standard line orientation. 
Since d' is a measure cf cbserver sensitivity (Swets, 
Tanner, 6 Birdsall, 1961}, a d' of zero indicates zero 
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sensitivity, which may b€ ccnstrued as a threshold (but see 
Swets, 1961). Fer the first subject average value cf the 
isodiscriminability curve for d'=O was 1° 16', while for the 
second subject this average value was cnly 38 min of arc. 
The two methods of determining thresholds for the Matin and 
Drivas (1979) subjects agree .tolerably ~ell. 
Overall, the reported values in a series of studies of 
the angular disparity between lines which cannot be 
discriminated by observers varies greatly, from 16 min of 
arc to nearly five degrees, altbcugb most estimates seem to 
fall in the vicinity cf cne and a half to two degrees. It 
is clear then that even the largest estimate is much smaller 
than the threshold for mental rotation obtained in 
Experiment I • . Yet there are several reasons why it might be 
pertinent to pursue the matter further. 
First, every study cited above, and apparently every 
study which has been conducted on angle perception and tilt 
aftereffects, has used simFle line s~imuli. It is by no 
means obvious that the degree cf angular disparity not 
visible to observers fer simfle lin-e stimuli will generalize 
to more complex figures, such as the three-dimensional block 
figures used in ExFeriment I .. The tilt aftereffect has been 
demonstrated using line stimuli tilted in the third 
d~mension, a phenomencn scnetimes referred to as - the 
median-plane tilt aftereffect (Bergman & Gibson, 1959; 
Kehler & Emery, 1947; Wendercth, Bcdger, . S curthoys, 1968). 
This aftereffect has teen explained in terms of feature 
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analyzers and crientation-specific cells in the visual 
system in a manner analcgcus tc that usually cffered for the 
corresponding two-dimensional tilt aftereffect (Coltheart, 
1971). While this three-dimensional tilt aftereffect bas 
also only been studied with simFle line stimuli, there is 
evidence that the three-dimensional aftereffect may be 
larger than the two-dimensional cne (Kohler 6 Emery, 1947). 
A second, and perhaps mere . important reason is that the 
complex three-dimensional figures used in Experiment I 
consist of many line segments arranged at several different 
angular orientaticns. These stimuli are large, extending 
over many degrees of visual angle, whereas most studies 
cited above have used cnly t~c er three line segments easily 
incorporated into a much smaller field of view. This, plus 
the fact that the nature cf the mental rotation task itself 
requires many ~uccessive eye fixations before a 
"same-different" judgement can te reached (Just & carpenter, 
1976) suggests that an angular disparity greater than one or 
two degrees for these figures might easily escape an 
observer's scrutiny. 
Whether this disparity will be sc large as to entirely 
account for the 18-degree trreshcld fer mental rotation is 
the question Experiment II is designed tc answer. Although 
it seems very unlikely that a sen~cry threshold of 18 
degrees will be found, the results cf Exferiment II should 
prove interesting in their cwn right as an extension of the 
research on acuity fer angular orientation using lines as 
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stimulus figures. While such studies have taught us much it 
is imfortant to realize that isclated line segments rarely 
occur in the "real world". The environment is composed 
primarily of objects extended in three-dimensional space. 
As Neisser {1976) has recently pcinted out, cognitive 
.psychology must investigate the real vorld if it wishes to 
become a relevant science. While the stimulus figures used 
in Experiments I and II are merelj schematic representations 
of three-dimensicnal forms, the use of such figures 
constitutes a step in the right directicn. 
The purpose of Experiment II, then, is to determine the 
extent to ~hich angular qisparity b€tween two stimulus 
figures such as used in Experiment I is not visible to 
observers. A number of traditicnal methods could have been 
employed for this purpose but were rejected for various 
reasons • . Absolute judgement methods, in which cbs~xvers 
make verbal repcrts about perceived orientation, have been 
used by some . investigators (Fisher, 1969, 197~; Jastrow, 
1892), but in general such technigues are coarse and 
unreliable • . The more usual psychophysical methods have 
produced conflicti~g reEults, as noted previously, and have 
been criticized in several recent papers (Emerson, et al., 
1975; Fisher, 1973; Wenderoth, Beh, & White, 1978). In a 
direct ccmpariscn of two ccmmonly used psychophysical 
methods Emerson, et al. (1975} found ccmfletely opposite 
results, and concluded that at Jss§! cne of the techniques 
could not measure FErceived tilta 
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it was decided to explcit a relatively new 
Matin and Drivas (1979) had done with the 
of the signal detection metbcd to the study of 
perceived orientation. Functional measurement analysis was 
developed by Anderson (1962a, 1962b, 1970b, 1974, 1977, 
1979) for the study of infor~ation integration, a basic 
problem in the study of percepticn. , The essential idea of 
the functional measurement . approach lies in the stimulus 
integration function that describes the synthesis of 
separate stimulus components into a unitary perception or 
judgement. In Experiment lI, the orientations of two 
Shepard and Metzler (1971 J figures were integrated by 
observers into a single impression or judgement of total 
angular orientation. 
The theoretical approach of functional measurement is 
based 
The 
in both sutstantive theory and in measurement theory. 
substantive aspect is ccncerned with problems of 
information integration; fer example, are adding or 
averaging models mere descriptive cf information integration 
(Andersen, 1971, 1973; Hedges, 1973): Extensive use is made 
of algebraic models to represent integration processes, and 
a number of such processes have been successfully described, 
including subjective time duration (Blankenship & Anderson, 
1976), impression formation (Anderson, 1962a, 1965, 1967), 
weight judgement (Anderson, 1970a, 1572; Anderson & 
Jacobson, 1968), judgement cf sccial class (Himmelfarb & 
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Senn, 1969), nonverbal communication (Mehrabian & Ferris, 
1967), clinical judgement (Hoffman, Slcvic, & Rorer, 1968), 
greyness averaging 
(Marks, 1979), and 
Anderson, 1972). 
(Weiss, 1972), loudness judgements 
judg€ment cf angle size (Weiss & 
The measurement aspect ,cf the aFprcach is deriv~d from 
the substantive aspect and FIC~id€s the scal€s required for 
the algetraic models. The aim of scaling is to =elate a 
physical dimension or sti~ulus characteristic to its 
underlying psychological dimension or response 
characteristic (Engen, 1971; Guilford, 1954), that is, tc 
describe what Stevens (1914) has termed input-output 
functions. The functional measurement aFproach to scaling 
is to consider the guesticn cf measurement as integrally and 
intimately related to the de~elcpment of substantive theory. 
Thus, Anderson considers the prctlem of scaling as 
inseparably bound to substantive theory, ~ith the final 
validation of the scale dependent on the establishment of 
the empirical validity cf the theory. This empirical 
approach to measurement is of g€neral imFOttance since it is 
not tased en the «ere popular formal approach to 
measurement, such as espoused by Stevens (1957, 1974), and 
should be cf increasing interest tc experimental 
~sychologists (e.g., Jcnes, 197q; Zinnes, 1969). The 
scaling aspect of functio~al measurement is critical in 
Experiment II fer revealing tbe extent to which angular 
disparities betw€en varicusly oriented figures are not 
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apparent to observers. 
Technically, there are three main features of functional 
measurement: 1) reliance en factorial designs; 2} 
guantitative response measures; and 3) a monotone rescaling 
procedure (Anderson, 1970t}. · The mcnotcne rescaling aspect 
i~ sometimes necessary tc shew that the ordinal scale of the 
subject's overt resFonse is in fact an interval scale. 
Monotone rescaling is also oseful in removing response 
nonlinearity frcm the data. Neither aFplication will be 
useful in Experiment II, as all data analysis will be 
conducted on the untransfcrmed, raw data. Ther€fore, the 
mcnotone rescaling feature cf functicnal measurement 
analysis need net ccncern us furtb€r. Eowever, factorial 
design and guantitative response measures constitute tbe 
main features of Experiment II. 
The observer's task in Experiment II was to judge the 
total cf the angles cf crientaticn of two segu~ntially 
presented Shepard and Metzler (197~ figures, such as were 
used in Experiment I. Angular crientation of each figure 
was varied parametrically, and each observer saw all 
possible combinations of angular orientations, so that a 
complete two-factor design was run en each observer. 
Observers rated their im~ressicn of ccmbined angular 
crientaticn graphically, by making a mark along an 
unnumbered line. Although tedious to sccre, the graphical 
rating method was chosen in preference to the more commonly 
used rating seal€ method because cf certain advantages in 
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the use of the graphical technigue. Fer example, the 
graphical method avcids otserver numbEr preferences as W€ll 
as memory effects (Andersen, 1970b, 1974). 
Th€ simflest assumfticn to make about the cbserver•s 
subjective impressicn cf tctal crientation is that it 
follows a simple weighted-sum (additive) mcdel cf the form: 
B ( i j ') = w ( 1 ) s ( i) + w I( 2) s ( j ) • 
Here R is the observer's response (in arbitrary numerical 
uni ts) , s (i) and s ( j) are the observer's subjective 
impressions of the orientations cf the first and second 
figures, respectively, and w(1) and w(2) ar€ the weights 
that reflect the subjective imFortance or relative 
contrituticns cf the first and seccnd figures, resFectively, 
to the total judgements. 
This simFle linear model is easily tested by the 
analysis of variance. Because cf the additive form of the 
model, the interaction of the twc main effects (angular 
orientations of first and seccnd figures) should be 
nonsignificant if the mcdel is correct (Andersen, 1970b, 
1974). A simple proof of this assertion is given in 
Appendix G. Thus, the interaction term cf the analysis of 
variance provides a t€st cf the gcodness-cf-fit of the data 
to the additive mcdel. 
In applying the analysis of variance to th€ functional 
measurement paradigm, two further assumptions arB made 
(Anderson, 1970b). First, it is assumed that there are no 
contextual effects; that is, the sutjective value of a 
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stimulus is assumed to be independent cf the subjective 
value of the stimulus with which it is paired on any 
particular trial. second, it is assumed that the rcw and 
column weights, w(1) and w(2) respectively, are independent 
of row and cclumn levels i and j, respectively. 
If the model passes the test of fit, that is, if the 
interaction term is not si~nificant, the model may be used 
to estimate the subjective values of the stimuli. The main 
effects of the analysis of variance test the assumption that 
cbservers are able to discriminate ameng the levels of 




the row and cclumn marginal means give the scale 
the subjective imEressions cf the angular 
of the first and second stimulus figures, 
respectively. 
Ordinarily, the main effects tests are of little 
interest in functional meausrement analysis, because the 
levels of the independent variables chosen are usually 
easily discriminable by observers. However, in the present 
case one or mere levels of the independent variables may be 
subjectively equal tc zero. , If all levels of a factor were 
subjectively equal to zero, then the main effect for that 
factor would net be statistically significant. A mere 
likely . outcbme might be that only the lc~est levEls 0£ the 
independent variables are subjectively egual to zero, with 
higher levels having increasingly greater subjective values. 
In this case main effects would be statistically 
significant, 
1971) · could 
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and a follow-uF test such as the Tukey (Winer, 
be used to determine wbich levels of the 
independent variables were subjectively equivalent to zero. 
Finally, it is worth noting that Experiment II is 
similar to an experiment ccnducted ty Weiss and Anderson 
(1972), with twc major exceptions. In the Weiss and 
Anderson study, observers judged the average inclination of 
simple line stimuli; ftrthermcre, angle of orientation, 
while varied over a large range, was never less than 15 
degrees. In the present study, angle cf orientation of the 
Shepard and Metzler (1971) figures was varied systematically 
in 6 degree increments, frcm Oto 30 degrees, so that the 
data collected might reflect observers• perception of 
angular disparity for ccmplex figures in the range of the 








of five subjects served as observers in 
II: two female scciclcgy graduate students, and 
division undergraduate psychology majors, two 
females and one male. All subjects were students at the 
University cf Rhode Island, and none had taken part in 
Experiment r. , Subjects ranged in age from 21 tc 30 years, 
with a mean age of 24.2 years (SD=3.5) and a median age of 
23.0 years. All subjects bad normal, or corrected to normal 
vision. subjects participated in the experiment at the 
request of the experimenter and received nc compensation for 
so doing. 
~~teri~l~ 
Stimuli were perspective line drawings of 
three-dimensional blcck figures criented at angles of 0, 6, 
12, 18, 24, and 30 degrees • . The stimulus pattern used was 
the same as the practice figure used in Experiment I (see 
Figure 2C) with a left-hand crientation (Orientation A in 
Experiment I)• · . Details cf .stimulus construction are given 
in the Materials paragraFh of the M€thod section for 
Experiment I • . 
)ppara!,y§ 
Apparatus used in Experiment II were a Kodak Ektagraphic 
RA-960 Randcm Access slid~ prcjectcr ijith remote control 
unit, a GAF ESP 2000AV slide .projector with Randax 20 remote 
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control unit. and a Kodak Ektagraphic slide frcjectcr, Model 
No • . AF-2. 
~~sign 
Design of Ex~eriment II was a 4 X 6 X 4 (number of 
angular orientations for the first stimulus figure X number 
of angular orientations for the second stimulus figure X 
replications) factorial • . All factors conformed to the 
fixed-effects (Winer. 1971) . analysis of variance model and 
were within-group (repeated measures) factors. A complete 
specification of the experimental design is given in Table 
13. The first stimulus figure could take on any of four 
----------------------------------------
Table 13' 
Design Specificaticn fer Experiment II 
---------~---~~-------------------------second First Angle 
Angle 00 60 12° 18° 
------~-----------~----~---------------QO o-o 6- ·0 12-0 18-0 
60 0-6 6-6 12-6 18-6 
12° 0-12 6-12 · 12-12 18-12 
18° 0-18 6-18 12-1e 18-18 
24° 0-24 ~-24 12-24 18-24 
30° 0-30 6-30 12-30 18-30 
----------------------------------------'The experimental design includes four 
complete replicat i cns cf the design 
given above for each of five subjects. 
----------------------------~-----------
orientational values: 0, 6« 12, and 18 degrees; the second 
stimulus · could assume any one of six possible orientations: 
O, 6, 12, 18, 24, and 30 degrees. Each subject viewed all 
of the 24 possible stimulus ccmbinations, and completed five 
replications cf the design. The first replication was 
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considered a practice set and was not figured into the 
analysis. 
jroc~gy~~ 
Subjects were asked tc participate in an experiment 
designed 
Subjects 
to measure "how Feople see angular orientation''• 
were seated in a d i mly lit room 193 cm in front of 
a blank white wall, which served as the stimulus projection 
screen • . The experimenter explained that two stimulus 
figures would be projected sequentially, and that the 
subject•s task was to judge the total angle of orientation 
of the two figures by making a vertical pencil mark through 
a 10 cm hcrizontal line • . Subjects were instructed to mark 
greater totals towards the right end, and lesser totals 
towards the left end of the unnumbered response lines. A 
zero was placed at the left :end and a slash mark (/) at the 
right end of each response line as an aid to observers• 
responding • . 
To aid observer's judgement, special anchor stimuli were 
present throughout the experimental session. These 
consisted of stimulus figures of O and 30 degrees 
orientation continuously projected to the left and right, 
respectively, of center, ~here the sequentially presented 
test stimuli were projected. Thus, a maximum of three 
stimulus figures were projected at any one time, subtending 
a total visual angle of apprcximately 40 degrees. 
Anderson (1970b, 1974) has noted that the presence of 
anchor stimuli is a critical feature of the functional 
-
measurement methcd. 
reference fer the 
the ends of the 
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such stimuli helF set the frame of 
ctserver. Anchor stimuli also tie down 
scale, and thus help eliminate floor and 
ceiling effects. Ordinarily, anchcr stimuli are chosen so 
that toth the smallest and largest stimulus pairs are 
present throughout the experimental session, but in the 
present case such a Frccedure was not Fractical. Therefore, 
only the single smallest and largest stimuli--the O and 30 
degree figures--were used as anchcrs. Ho~Ever, the smallest 
and largest stiaulus pairs ~ere shewn at the start of each 
replication. Subjects were told that the anchor stimuli 
represented the end Feints cf the rating scale and were 
required to mark the ends ~f the rating scale accordingly, 
that is, at the extreme left end of the scale for the o0 -o0 
pair and at the extreme right end of the scale for the 
10°-30° pair. 
Each replication consisted of 26 trials: the 24 possible 
pairwise combinations cf crientaticns cf the first and 
second stimulus figures, plus the two anchor pairs. Each 
stimulus figure ~as projected for 5 seccnds, separated by a 
o.s sec interval during which a dim red square was 
projected. After the seccnd figure cf each pair had been 
presented, subjects had 5 seccnds tc mark their impression 
of total orientation, whereupon the next trial began. Only 
the dim red square was prcjected between the anchor stimuli 
during this respcnse pericd. , 
Each subject completed five replications of the design, 
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each of which lasted about 15 minutes. A t~o minute break 
was provided ' between reFlicaticns, during which the 
experimenter collected the subject's completed response form 
and gave the subject a nEw response fcrm. Each response 
form consisted of two pagEs, on which there was printed a 
total of 26 10 cm hcrizcntal lines, enough for one 
replication (including lines to mark the anchor stimuli 
presentations at the beginning of each replication). 
Before the start of each replication the experimenter 
encouraged . the subject to make use of the entiie length of 
the respcnse line tc mark imFressicns cf total orientation. 
Furthermore, the ex~erimenter stressed that objective 
accuracy was net reguired, but that subjects should or.ly 
mark their ?ubjective imEressions. 
The experimenter measured subjects• responses to the 
nearest mm from the left hand edge of the horizontal line. 
This measurement ccnstituted the dependent variable in the 
experiment. The first replication was ccnsidered a practice 
session and was omitted from the analysis, as were subjects• 
responses to the anchcr stimuli presentations at the 





A preliminary thr~e-way reFeated rreasures analysis cf 
variance, using BMDP2V (Dixcn, 1977), ~as pe~formed on the 
rating data to insure that the Eeplicaticns factor was not 
significant. These results aFFear in Table 14. 
--------------------------------------------
'Iable 14 
ANCVA for Rating Data 
-----------------------------------~--------
source 
First Angle (F) 
Error 












ss df MS F 
50202 3 16734 45.13* 
4450 12 371 
178086 5 35617 85.06* 
€375 20 419 
2652 15 177 1.42 
7485 60 125 
5E3 3 194 0.80 
2929 12 244 
1118 9 124 1.03 
4340 36 121 
879 15 59 0.57 
6205 60 103 
3310 45 74 0.84 
15747 180 87 
~---·---------------------------------------
*P < .001 
Since Replications was net significant (F=0.80, df=3,12, 
p > .OS) and entered intc nc significant interactions, data 
was collapsed over the four levels of this factor. Table 15 
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below givEs the mean ratings cf tctal orientation in mm as a 
functicn of first and second stimulus figure orientations 
for the grouped data. Standard deviations are given in 
parentheses. Mean rated total orientation as a function of 
first and second figure orientations is Flctted in Figure 6. 
------------------------------------------------------------------~-----------------------------------------------------Tal:1€ 151 





-------------~-------------------------------·--------------QO 3.4 (4. 4) 12.5 < e. 2) 24.3 ( 6. 2) 32. 2 (7. 1) 
60 10.6 (7.0) 13.0 (12.1) 26.7 (12.6) 35.0 ( 11. 9) 
12° 28.0 (7. 5) 3 o. 5 ( 12. 0) 35.2 (12.6} 53. 2 ( 12. 7) 
18° 37.0 (S.8) 43.0 ( 12. 0) 45.2 ( 13. 8) 62.5 (14.6) 
24° 51.1 ( 5. 1) 55.0 (13. 0) 61.3 ( E. 5) 78.5 ( 1 o. 5) 
30° 60.2 ( 8. 5) 58.e (9. 7) 73.5 ( 9. 5) 88.6 (9. 9) 
------------------------------------------------------------
'Table 15 gives the mean ratings (in mm) cf tctal 
orientation as a function cf first and second stimulus 
figure orientation. Standard deviations appear in 
parentheses. (N= 5) 
-----------------------------------------------------------------------------------------------------------------~------
The collapsed data was .subjected tc a two-way repeated 
measures analysis of variance. These results are given in 
Table 16. The main effects for beth the first (F = 45.13, 
df = 3,12, p < .001) and the second (F = 85.06, df = 5,20, p 
< .001) stimulus figures were statistically significant and 
large, acccunting for ever 90j cf the tctal variance. The 
interaction of these main effects was, however, not 
signif~cant (F = 1.42, df = 15,60, F > .OS}. 
Tukey tests were conducted as follcw-uF tests to the 
significant main effects. Marginal means and standard 
Figure 6. ~ean Bated Total Crientaticn as a runcticn 
of First and Second Figure Ori~ntation. Mean Iated 





















































































































ANOVA for Mean Fated Tctal Orientation 
------------------------------------------------Source ss df MS F w2 
~--------------------~--------------------------First Angle (F) 12551 3 4184 45.13* .200 
Error 111.2 12 93 
Second Angle (S) 44521 5 8904 85.06* .709 
Error ~09~ 20 ,cs 
FS 663 15 44 1.42 
Error 1871 60 31 
------------------------------------------------
*P < .001 
------------------------------------------------
deviations are shown in Table 17. Tukey tests on these 
marginals revealed that, fer both First and Second Anglesr 
only the O and 6 degree crientaticns did not differ 
significantly frcm each ether. 
-·------------------------------------------------------------------~---------------Tal:le 17 


































-----~------------------------------------tMeans and standard deviat~cns in mm. 
Since the interacticn term cf the analysis of variance 
90 
was not significant (see 'Iable 16) ,' it is appropriate to 
construct subjective scale values for the sefarate 
impressions cf crientaticn from the marginal means of the 
factorial design (Ander ~en, 197 Ob, 197 4} • Figure 7 shows 
the psychophysical function relating subjective orientation 
(in arbitrary units) tc fhysical angle of crientation. This 
psychophysical orientation function ccrresponds to th€ 
average curve of Figure 6, ccllaFsea over the four levels . of 
First Angle. The plotted pcints are the marginal means for 
Second Angle shown in Table 17. 
A trend analysis, summarized in Table 18, was conducted 
on the psychophysical functio~. The linear trend was 
significant (F = 419.29, df = 1,20, F < .001), but higher 
order trend components ijere not (F = 1.84, df = 4,20, p > 
• 05) • The correlation associated with the linear trend was . 
high (r= o. 96 9) • 
Tal:le 18 
Trend Analysis fer Psychophysical Function -----.--------------------------------~--------















1. 8 4 
----------------------------------------------
*P < • 001 
----------------------------------------------
one appealing aspect of th€ fur.ctional measurement 
method is that encugh infcrmaticn is generated tc enable 
-
Figure 7. Psychophysical Crientation Functicn fer 
Group Data. Sucjective crientaticn is plctted as a 
function of physical orientaticn. Subjective 
orientation is based on observers• mean rated total 
orientation (in mm) collapsed ever levels of 











































































data analysis on individual subjects. Means and standard 
deviations fer rated total orientation as a function of 
first and second figure crientations for each subject is 
given in Appendix H. 
Separate analyses of variance were conducted on the data 
for each subject. These results are summari2ed in Tables 19 
through 23. For all subjects main effects were significant 
and large, accounting for a total cf frcm 83 to 90% of the 
total variance. The interacticn term was significant for 
cnly cne of the five subjects (IA) and was a small effect, 




ANOVA for Mean Bated Total Orientation 
Subject 1 (IE) 
source ss df MS F 
First Angle (F) 9486 3 3162 4Q.93* .173 
Error 633 9 70 
Second Angle ( S) 36901 5 7380 70.00* .672 
Error 1581 15 105 
FS 188 5 15 126 1. 29 
Error 4390 45 98 
-------------------------------·~---------------
*P < • 001 
Tukey tests were conducted en each subject's data as 
follcw-up tests for the significant main effects. These 
results are summarized in Table 24 and show that, fer four 
93 
of the five subjects, the mean rated total orientation for 
the 0 and 6 degree angles did net differ significantly for 
either the first er second stimulus figures. For one of 
these subjects, for the first stimulus figure, the 12 degree 
------------------·------------------------------------~----------------------------------------'!able 20 
ANOVA for Mean Bated Total Orientation 
Subject 2 (TA} 
------------------------------------------------source ss df MS F 
---~--------------------------------------------First Angle (F) 12614 3 4205 113.35* • 1 81 
Error 334 9 37 
Second Angle (S) 50202 5 1C040 129.70* .720 
Error 1161 15 77 
FS 3086 15 206 3.91** .044 
Error 2366 45 53 
------------------------------------------------------~---------------------------·-------------Table 21 
ANOVA for Mean Bated Total Orientation 
Subject 3 (JE) 
------------------------------------------------Source ss df MS F 
------~-----------------------------------------First Angle (F) 8213 3 2738 10.96* .167 
Error 2248 9 250 
Second Angle (S) 33193 5 6639 94.82* .673 
Error 105C 15 70 
FS 1019 15 68 o. 86 
Error 3569 45 79 
**P < .05 *P < .001 
-~~--~----------------~----~--------~-------~-------------------~-------------------------------
-----~-----------------------------------------------~-------~----------------------------------'!able 22 
ANOVA for Mean Fated Total Orientation 
Subject .4 (lC) 
----------------~-------------------------------source ss df MS F w2 
--~---------------------------------------------First Angle (F) 9721 3 3240 2 5. 11 * .157 
Error 1162 9 129 
Second Angle (S) 41770 5 8354 50.50* .673 
Error 2482 15 16: 
FS 2023 15 135 1. 23 
Error 492: 45 109 
--------------~-----------------------------~--~ 
------------------~-----------------------------'!able 23 
ANOVA for Mean Bated Total Orientation 
Subject 5 (NO) 
---------------------------------·--------------Source ss df MS F 
----------------------~--------~----------------First Angle (F) 14618 3 4873 40.57* • 312 
Error 1C81 9 120 
Second Angle (S) 2439: 5 4879 90.3€* .521 
Error 810 15 54 -
FS 2124 15 142 1.67 
Error 3807 45 85 
--------------------------~---------------------




orientation was also not rated differently from the O and 6 
degree orientaticns. For three cf the four subjects, for 
the second stimulus figure, an additicnal pair cf angles 
differing by cnly six degrees in physical orientation did 
not differ in rated orientaticn. 
------------------------------------~------------~------------~-------------
~able 24 



















--------------·-------------·-------·-1Angular orientaticns se~arated by a 
hypen did not differ significantly 
(P > .05) in rated orientaticn. 
------------·-----------------------------· -----------~---------------------
scale values fer the sutjective impression of total 
orientation were constructed fer individual subjects in a 
manner similar to that used for the group data. Marginal 
means for second Angle, ccllafsed over levels of First 
Angle, are given in Table 25. The psychcfhysical functions 
based on these marginals are shewn in Figure 8 for each of 
the five subjects. 
Trend analyses were ccnducted on each subject's 
psychophysical function. ~hese analyses are summarized in 
Table 26. All subjects displayed large linear trends, 
accounting for from 86 tc 94j cf a subject's total variance. 
Correlations associated with these linear trends were also 
Figure a. Individual Psycboptysical Orientation 
Functions. subjective orientaticn is Flctted as a 
function of physical criEntaticn for each observer. 
subjective crientation is based on an cbserver•s 
mean rated total orientaticn (in mm) ccllapsed over 




































































































high, ranging frcm 0.928 to 0.971. Higher order trends were 
significant for a few subjects, but in each case accounted 
for only a small prcpcrticn of the total variance. ANOVA 




Marginals fcL Second Angle 
Individual Data 
------------------------------------------------------------Second EE TA JE LC NO 
Angle Mean·l SD Mean SD f!ean SD Mean SD Mean SD 
-------~------------------------------------------~---------00 23.2 16.2 10.7 1c.1 14.7 12.8 21. 1 15.0 20.1 11. 8 
60 37.2 14.5 9.2 8. 1 20.6 12.5 17.6 13.5 22. 2 12.5 
120 49.5 10.c 20.6 8.8 40. 1 12.8 34.7 9.6 3 8. 7 17. 7 
18° 62.8 12.0 34.3 11.6 40.8 10.1 47.8 4. 6 48.9 2 o. 7 
24° 69.7 8.9 61.9 23.2 59.1 10.0 58.5 12.4 58. 2 14. 2 
30° 81.0 11.5 66.0 19.7 66. 4 9.2 77.0 17.4 60.9 12.2 
'Means and standard deviaticns in mm. 
--------------------------------------------------------------------------------------------------------~---------------
Table 26 















1 • 943 • 971 .861 • 928 .936 • S6 E .899 • 94 8 • 879 • 93 8 
2 ns' .031 .176 ns .031 .176 ns 
3 ns .036 .190 ns ns ns 
4 ns ns ns ns ns 
5 ns ns .033 .1 E3 ns ns 





The results of Experiment II generally support the 
proposed additive model for orientation integration. This 
conclusion is based en the results cf the analysis of 
variance shown in Table 16, in which the interaction of the 
two independent variables is not significant (see also 
Figure 6). Furthermore, as shewn in Tables 19 through 23, 
the interaction term is not significant for four of five 
subjects. The excepticn is Subject #2 (see Table 20), for 
whom a small but statistically significant interaction was 
obtained. ~his interaction may indicate a defect in the 
additive model for this 
from parallelism accounted 
subject. However, the deviation 
for less than 5j of the total 
variance in this subject's data. 
An alternative explanation fer this subject's 
interaction is indicated in Table 26, in which small but 
statistically reliable second and third crder trends are 
shown for this subject. It may be that a small, nonlinear 
bias in this subject's response scale is the cause of the 
interaction rather than a failure cf the model. Response 
nonlinearity can be removed by applicaticn of the monotone 
rescaling feature cf functional measurement (Anderson, 
1970b, 1974). This was net done, however, as it seemed 
preferable tc include cnly the raw data in this report. At 
any rate, the size of the interacticn effect is small enough 
that serious qualificaticn of the additive model dces not 
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appear to be warranted. 
Because the additive mcdel was net rejected by the data, 
scale values fer the subjective imFression of angular 
orientation are directly availatle frem the marginal means 
of the independent variables (Anderson, 1970b, 1974). Table 
17 shows that the zero and six degree orientaticns ~€re 
rated similarly fer beth independent variables. Tukey _ tests 
showed that these ratings were net statistically different. 
Table 24 shews that this Fattern of results was mirrored by 
four of the five subjects. The exceFtion here is Subject 
#1, whose data will be discussed more fully below. 
Figures 1 and 8 show graphically the subjective scale 
values as a function of physical crientation for the group 
and individual data, respectively. These figures show 
clearly the similarity of perceived orientation for the zero 
and six degree angles. As mentioned atcve, Subject #1 (EE} 
seems to be an excepticn. Figure 8 shews for this subject a 
very nearly linear increase in perceived crientaticn from 
zero to 30 degrees. Subject #3 (JB) also displays an 
increase in perceived orientaticn from zero to six degre€s, 
although this increase in not significant (see Table 24). 
However, the remaining three subjects clearly display no 
increase bet~e€n zero and six degrees; in fact, for two of 
these subjects the function Ieverses tet~eEn these points. 
These results imFlY that angular disparities between 
relatively complex figures such as the Shepard and Metzler 
(1971) figures are to some ex~ent net apparent. For four of 
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the five subjects in Experiment II the extent of this effect 
was six degrees. Subject #1 was able tc Ferceive angular 
disparities in this range. Subject #3 may also be able to 
see such angular disparities; although the statistical data 
does not sufport this contention, this may be due to the 
fact that the statistical results are based on only four 
replications. Paucity of data points may alsc be the reason 
that second order trends were net cbtained for Subjects #3 
and 5, or for the overall group trend analysis, which was 
cased on only five data pcints at each level of orientation. 
At any rate, the results of Experiment II support the idea 




I is not a sinFle sensory threshold. The 
threshold attained in Experi~ent I is three times 
as the largest angular disparity not visible tc 
subjects in Experiment II. 
It may be surprising tc some that angular disparities 
even as great as six degrees are net visible to most 
observers. It is well kr:cwn, fer example, that smaller 
angular 
Although 
disparities are clearly visible for line stimuli. 
the various methcdclcgies which have been applied 
to this problem have Frcduced somewhat ccnflicting findings 
(Emerson, et al., 1975}, few studies have indicated that 
angular disparities greater than three degrees are r.ot 
apparent to observers, and several studies have indicated 
that the size cf the effect is less than one-half a degree 
of arc. 
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( 1971) figurEs than for sim Fle line stimuli may in 
be due to the greater comFlexity of the former. 
the Shepard and Metzler figures are composed of 
segments, it seems likely that the central many line 
processing of the entire figure is mediated by the compl€X 
feature detectors (Hubel & Wiesel, 1962) rather cortical 
than by the lower-order simple crientation detectors 
su~pected of mediating line detection in the human visual 




explanations which have teen applied to the 
figural aftereffects may al~o be advanced with 
respect to more ccmplex figures. Cne such explanation is 
that of ''satiaticn" proFosed by Kcblers and Wallach {1944). 
The satiation view involves a physiolcgical process of 
fatigue, which presumably would affect the complex cells. 
Becent theorizing on this issue suggests lateral inhibition 
as the mechanism cf the effect (Deutsch, 1964; Ganz, 1966a, 
1966b). 
A problem with the satiation aFFroach is that the 
cccurrence of figural aftereffects is r.ct dependent upon a 
period of steady stimulus fixation. Both Ganz (1966a, 
1966b) and Logan (196C) have noted this i;roblem,. suggesting 
that figural aftereffects ~ay be considered simultaneous 
illusions. ~hus, satiation may be a sufficient though not a 
necessary cause of figural aftereffects. Even so, it is not 
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apparent why satiaticn shculd Frcduce a larger angular 
disparity effect fer complex figures than for simple line 
stimuli. If anything the reverse shculd be true because the 
greater role of eye movements ever extended figures should 
reduce fatigue-like effects. 
An alternative explanaticn fer figural aftereffects bas 
been advanced by Dodwell (197C). It is well known that 
simple orientation detectors are very sensitive to small 
changes in angular orientaticn. A cell tuned to a 
particular orientation will exhibit greatly reduced 
responding to stimuli oriented cnly 5-10° to the preferred 
orientation (Hutel & Wiesel, 1962). Furthermmore, at the 
level of the simple crientaticn detectors there is no 
interacticn between cortical units tuned for different 
orientations. It may be expected, · then, that strong 
interactions bet ■een detector cells will only occur if the 
receptive fields cf these cells are nearly farallel to each 
other. 
As with simFle cells, the crientaticn cf the stimulating 
contour is critical for maximum responding of complex cells; 
such responding decreases rafidly with small changes in the 
orientation of the test figure (Hutel 6 Wiesel, 1962j. But 
it is not yet clear whether the cortical interactions 
mentioned above for simple ccrtical units take place for the 
higher-order ccmflex cells as well. Since such cells appear 
to consist of a hierarchical crganizaticn cf the lower-order 
simple cells, is fossitle that the higher-order cells 
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also exhibit a lack of cortical interacticns for units of 
different pieferred crientaticns. Even if this is the case, 
it does not explain why different angular disparities are 
not visible for ccmFlex figures than for simple line 
stimuli. 
A possible soluticn to the Froblem cf the size of the 
effect comes from ccnsideraticn cf the nature of the 
hierarchical organi2aticn cf simFle, ccmplex (Hubel 6 
Wiesel, 1962) and hypercomplex cortical cells (Hubel 6 
Wiesel, 196!:). The research of Hubel and Wiesel indicates 
that the input to higher-order units is from a set of 
lower-order units all of the same preferred orientation. 
Little is known about the mechanism cf information flow 
from one level to ancther, and what is kncwn is based 
primarily on electrophysiolcgical recordings from cats and 
monkeys. Fer ctvious reasons such recordings cannot be 
obtained frcm humans. Evidence on detector cells in the 
human visual system has heen obtained by psychophysical 
techniques (Andrews, 1965, 1967a, 1967b; Elakemore, et al., 
1970; Bouma 6 Andriessen, 1968; CamFtell 6 Kulilowski, 
1966). 
Andrews• (1967a, 1967b) papers indicate that output from 
lcwer-crder detector cells is subjected to statistical 
evaluation at higher levels. If this view is correct, then 
the variance of orientation selectivity is likely to be 
greater at higher levels of ciganizaticn. Thi~ follows from 
the additive rule which gives the variance of combined 
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statistical distributions (Nunnally, 1 S7 E) • The result of 
this increase in variance would :t:e a decrease in orientation 
selectivity for ccmFlex cells. 
The extent of this decrease in ~ensitivity would not 
have to be great tc acccunt for the Fresent findings. 
Complex detectors would still have preferred orientations, 
but the drop-off in the rate cf responding wculd be more 
gradual than fer simFle cells. Assuming ~hat there is no 
interaction between corrplex cells tuned for different 
orientations, as appears to be the case fer simple cells, 
then interactions which de cccur tetween complex cells will 
involve cells whose receptive fields are nearly parallel, 
but but not necessarily as parallel as fer the simple cell 
interactions. 
!his statistical 
explanation fer why 
argument gives a :reasonably plausible 
greater angular disFarities between 
complex forms than between simFle lines may not t~ apparent 
to observers. However plausible, though, this explanation 
is very speculative, esFecially in vie~ of how little is 
actually kncwn acout feature detectors in the human visual 
system. Strong conclusicns about complex edge and form 
detectors based en the pres€nt data are premature. In fact, 
it is probably risky in general to make inferences abcut one 
level of behavior based en observations of another lEvel. 
Certainly the methcdolcgy used in the present study, and the 
data thereby attained, de net Frovide a direct route to 
knowledge atcut the underlying neuzal circuits. To obtain 
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such knowledge mere direct methcds will be needed, including 
direct electrophysiclcgical techniques such as 
evoked-potential recordings (Cam~bell & Maffei, 1970} and 
electroencephalogram recordings (Gevins, Zeitlin, Doyle, 
Yingling, Schaffer, Callaway, & Yeager, 1979). Of great 
potential is a technology recently developed enabling 
researchers to directly mcnitor magnetic fields induced by 
the electrical activity of the human brain. 
While indirect, psychophysical studies can nevertheless 
Frovide valuable insights about tehavioral correlates of 
suspected neural events, as well as Frovide some information 
about these events. Much has already been learned about the 
neuropsychology of the human visual system, and several 
books have appeared dealing with human fattern recognition 
(Dodwell, 1970; Beed, 1973). 
In particular, the functional measurement technique 
should prove very useful. One cbvious i~rrediate application 
would be to the prcblem of figural aftereffects. Using line 
segments as stimuli, the functional measurement approach 
might help resclve scme cf the ccnflicting findings which 
have plagued this literature, as well as Frovide information 
about simFlE feature detection, discrimination, and 
recognition. 
In additicn to providing suppcrt fer the contention that 
the threshold fer mental rctaticn is net simply a sensory 
phenomenon, Experiment II has yielded some basic results 
which bear UFOn the precessing cf complex forms by the human 
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visual system. The infcrmation gained represents only a 
first apfrcximaticn tc knc.ledge about complex pattern 
recognition and thus needs to be reflicated. 
Replication is necessary in any event since Experiment 
II represents, in a sense, the first exFeriment of its kind. 
Thus, more prosaic accounts of the data need to be firmly 
ruled out. For example, lack of a difference in rated 
impression for the zerc and six degree orientations might be 
due to the fact that these crientaticns, while discriminable 
to subjects, simply~~~ sinilar and are thus rated alike. 
The flatness of the functicn from zero tc six degrees would, 
ty this view, net be a sensory event, tut instead be du€ tc 
compression of an observer's respcnsa scale in this region. 
Future studies might handle this problem by application of 
the monotone rescaling frccedure cf functional measurement. 
However, a nonlinear resFonse bias probably cannot account 
for the results cf Experiment II. This follows from the 
occurrence of pcint reversals frcm zero to six degrees for 
two of the subjects: it is hard tc see ho~ nonlinear bias 
could produce such an effect. Certainly no transformaticn 
(or only the most exotic) could produce a linear scale from 
such data. 
Nevertheless, the Fresent study n€€ds to be replicated 
in order to rule cut completely tne pcssibility of response 
bias effects. The presence cf anchor stimuli are designed 
to help eliminate flcor and ceiling effects. Since fer some 
subjects there was indication tha~ the entire respor.se rar.ge 
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was not always utilzed, it might be necessary tc frequently 
remind subjects to de sc. ~his might be conveniently done 
at the beginning cf each replication. 
Replication cf Experiment II should include smaller 
angular orientations than used in the Fresent study. The 
six-degree increments used in Experiment II were 
sufficiently small tc frovide information concerning the 
sensory extent cf the threshold fer mental rotation. 
Inclusion of smaller angular increments, freferably cf only 
one or t~o degrees, shculd frovide scme interesting 
information concerning the perception cf ccmplex forms. 
Such increments will yield a more refined estimate of 
the size of the angular disparity effect for ccmflex forms. 
Since Experiment II utilized only six-degree increments in 
orientation, the minimum estimate cf the size of the effect 
must necessarily be six degrees. Although there is no 
reason tc suspect that the observers used in Experiment II 
were in any way exceptional, the fOSsitility remains that 
six degrees represents an upfer bound to the effect, 
attained by only a few subjects. !he size of the effect for 
Subject #1, fer examfle, might be nc more than usually 
obtained for simFle line stimuli. In fact, the six-degree 
increment was originally chosen tecause it was thought to be 
larger than the senscry threshcld fer orientation 
discrimination: strictly linear relaticnshiFS were expected 
for the psychophysical functions. With respect to the 
percepticn of complex fotrnsr then, the results of Experiment 
II have been serendipitcus. 
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Replication of this study 
shculd to be undertaken in crder to ccr.firm the presence of 
an effect not originally sought, and which might have 
important implicaticns fer the FerceFticn cf complex forms 
by the human visual system. 
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SUMMARY 
The primary finding cf Experiment I is that there is a 
threshold fer mental rotaticn. Beacticn time for 
recognizing that ccmfarison stimulus figures were the same 
as standard stimulus figures was a constant 1109 msec for 
orientations of the ccmfarison stimuli of up to 18° with 
respect to the standard. Fer orientaticns greater than 18° 
reaction time was a linear function cf orientation. The 
intercept of this function was 1116 msec, while its slope 
was 13.76 msec deg-1, indicative of a rate of rotation of 
72.7° sec-1. These results suggest that when the difference 
in orientations between standard ana comparison figures is 
18° or less, no rotaticn is necessary fer a "same'' decision 
to be reached. 
The primary finding cf Ixferiment II is that angular 
disparities of 60 cetween objEcts seem net tote apparent to 
observers. Althcugh further research will be necessary tc 
rule out completely the pcssibility cf response bias 
effects, the results clearly confirm as a psychological 
effect the threshold fer mental rotation obtained in 
Experiment I. Thus, a figure oriented at 18° or less with 
respect to a standard figure appears E~..Y£h£1fillill112 
identical to the standard in crientaticn. A figure oriented 
at 6° or less with respect to a stanaard apFears ]h1§i~14-1 
identical to the standard in crientaticn. 
At the present time, the mental Ictaticn Frocess is 
no 
usually described by twc mechanisms: cne which rotates or 
transforms an internal representation intc standard form, 
and a second, the template-matching system, that then makes 
a "same-different" judgement. The results of Experiments I 





concept indicates that the 
may be flexible to the extent 
that small angular departures frcrr standard orientations are 
accommodated without rotation. Thus, subthresbold 
disparities between standard and ccmpariscn figures seem to 
be immediately acccmmodated by a flexible template system. 
However, the converse propcsition, that objects with 
supra-threshold angular disparities need be rotated only 
into the threshold er psycholcgical zero region for a 
comparison tc occur, is not supported by the data. Instead, 
rotation of ccmpariscn objects with supra•threshold angular 
disparities appears tc continue all the way tc standard 
orientation. This result is surprising, since a mere 
efficient use of processing capacity would be to discontinue 
mental rotation as seen as the rotated figure attained 
subthresbold disparity with respect to the standard. 
The solution tc this Frcblem may lie in the limited 
amount of practice received by the observers in Experime~t 
I. In performing a relatively novel task, observers may 
have adopted a cautious strategJ. Rotation may have 
continued to zero degrees disparity in order to maintain a 
bigh degree of accuracy in an unfamiliar task. Further 
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research needs to be ccnducted tc determine whether there 
may be another, mcrE theoretically imFcrtant reason for 
continuing to standard orientaticn rotation of comparison 
figures with supra-threshold angular orientations. 
An alternative interpretation cf the data of Experiment 
I suggests that rotation through small angles does occur, 
but at an extremely rapid rate. In fact, the rate of 
rotation might increase as the orientaticn of the comparison 
figure approaches that of the standard figure. However, the 
idea of differential rates of rotation which depend upon the 
initial extent of the angular crientaticn of a figure seems 
less parsimonious than the relatively simple concept of a 
threshold. 
Although in general males seem to outperform females on 
cognitive tasks reguiring spatial ability, no significant 
sex differences were fcund in Experiment I. The important 
variables in this regard are rate of mental rotation and 
size of threshcld, beth cf ~hich reflect the spatial 
characteristics cf the mental rctation task. The rate of 
mental rotation was 79.eo sec-• for males and 68.2° sec-~ 
for females. While this difference appears large 
proportionately--males rotate nearly 20, faster than 
females--the difference was not statistically significant. 
In fact, there was a widE rang€ of individual differences in 
the rate at which rctation was performed, with considerable 
overlap in the distributicns for males and females (see 
!ables 10 and 11). 
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Only a 3° difference in threshold size was evident 
between the two sexes: 18° for female~ and 21° for males. 
It was not possitle tc test the statistical significance of 
this difference. Eo~ever, even if the 3° difference were 
statistically significant, it is unlikely that a functional 
advantage in the atility to spatially manipulate interr.al 
representations would thereby te ccnferred to males. 
Moreover, the findings cf Experiment II suggest that a 
difference cf 3° in angular disparity may not even be 
apparent to most cbservers. 
The failure to find significant sex differences does not 
mean that such differences de net exist for 
spatially-oriented tasks, esFecially in view of the 
extensive literature supFOiting such differences. The 
results 
of such 
of the present study may be an indication of a lack 
differences cnly for highly educated observers, 
perhaps limited to the mental rctaticn task. However, 
mental rotation is a highly spatial ability, unlikely to be 
contaminated by verbal ccmFonents. The finding of nc 
sex-related differences en twc Farameters indexing the 
spatial characteristics of the mental rotation task should, 
therefore, be carefully ccnsidered, especially sir;ce recent 
studies have indicated that the degiee of sex differences on 
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subject Data for Experi[ent I 
The follcwitg table giv€s the sex, status (graduate or 
undergraduate), age, and Freferred hand (right, left, or 
ambidextrous) of the 20 observers used in Ex~eriment I. 
----------------------------------------------~-------------
Subject # Sex Status Age Hand 
~-------------~---------------------------------------------
1 F G 32 R 
2 F G 24 B 
3 F G 25 R 
4 M G 25 R 
5 M G 31 B 
6 M G 30 R 
7 F G 27 A 
8 F u 22 R 
9 M G 26 R 
10 F G 28 R 
1 1 F G 22 R 
12 F G 26 R 
13 M G 37 A 
14 F G 24 B 
15 M G 27 R 
16 F G 24 R 
17 M G 32 R 
18 M 0 22 R 
19 M u 28 L 
20 F u 20 B 
------------------------------------------------------------
The following listing surrmarizes scme of the data given 






Graduate Female 9 
Gradua~e Male 7 
Undergraduate Female 2 







The following tatle gives the sex~ status, age, an d 
preferred hand for the five subjects discarded from the 
experiment for excessive errcr rates. ~he table also giv€s 
the number of errors cf ccmissicn (Type A) and of emission 
(Type B), the tctal number cf errors, and the overall error 
rate for each subject. See ApFendix F fer more information 
on errors and error types. 
-----------------------------~-----·------------------------Number: cf Errcrs 
subject sex Status Age Hand A B Total % Errors 
------------------------------------------------------------
BO M G 30 F 2 16 18 28.1 
LG F G 29 B 14 1 15 23.4 
EM M G 29 Ii 2 10 12 18.8 
RK F 0 23 B 19 0 19 29.7 





9.2 7.6 16.8 






Because of possible variations in the performance of the 
slide projector, the physical angle cf crientation of a 
projected stirrulus sometimes differed from the nominal 
angle. A "mini-experiment'' was run to determine the extent 
to which this occurred. One side of the standard figure was 
used as the baseline (zero degree) crientation. The 32 
comparison slides were the "subjects": each slide u- C: ffC. -
projected five times and its angle cf orientaticn measured 
by means of a protractor. ~he tatle below gives the means 
and standard deviaticns cf the measured angles for each 
nominal orientation for both stimulus figures. 
-------------------~----·---------------------------
Stimulus 1 
Orientation Mean SD 
Stiroulus 2 
































































179.0° o. 71 
------------------------------~---------------------
Any deviaticn greater than 1° fer stimulus crientaticns 
from zero to 30 degrees, and any deviaticn greater than 3° 
for stimulus orientaticns from 60 tc 180 degrees ~€re 
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corrected by the autbot. This occurred for the 6° and 15° 
slides for Stimulus 1 and fer the 18° slide fer Stimulus 2. 
!o correct the angle of a stimulus figure, the author 
dismantled the slide, reoriented the figure with the aid of 
a protractor, and then mcunted the slide. All values given 




Calculation cf outliers for EXFEri ment I 
The table below shews the criginal means and sta ndard 
deviations for each angular orientation and the three 
standard deviation cutcff FOint fer each angle. 
-----------------------------------~--------
Angle Mean SD +3 sr: cutoff 
-----~--------------------------------------oo 1092 326 2070 
30 1164 380 2304 
6Q 1141 339 2158 
90 1043 293 1922 
12° 1193 439 ~510 
15° 1169 341 2192 
18° 1201 512 2737 
21° 1248 402 2454 
24° 1453 535 3058 
27° 1414 430 2704 
30° 1766 773 4085 
60° 2241 735 4446 
90° 2521 762 4807 
120° 2969 1041 6092 
150° 3168 1036 6276 
180° 3668 1001 €671 
----~---------------~-------------------~---
Latencies at any angular crientaticn which were greater 
than the 3 standard deviation cutcff fer that orientation 
were emitted from the analysis. However, such omissicns 
were not counted as errors against the cbservers. 
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The table below shows, ty subject, the angles omitted 
and the corresponding reaction time (in msec) as well as the 
z score associated with .the emitted value. 
--------------------~-----------------------Subject # Angle Feacticn Time ~ score 
------~-------------------------------------
1 150Cil 6364 3.08 
3 co 2099 3.09 
5 90° 5065 3. 34 
5 180° 6780 3. 11 
6 120° 7138 4.00 
7 180° 7193 3. 52 
8 60 2922 5. 25 
8 12° 2615 3. 24 
9 270 2790 3.20 
9 60° 5551 4.50 
1 1 30 2698 4. 04 
12 12° 2621 3.25 
12 30° 4618 3.69 
14 15° 2672 4.41 
20 oo 2195 3.38 
20 24° 3344 3.53 
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AFP!Nt!X t 
Individual Beacticn Time Data 
The table below gives the average reaction tim€ for each 

















































































































































































































































































































































"Different" EESfCDSE Data 
~Y!!ll!l~l 12~1.2 
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The table below gives the means, stanaard deviatio~s, 
and standard errcr::: cf the mean fer "different" responses. 
Angle Mean St SEM 
------~-----------------------co 2008 S58 214 
30 2119 690 154 
60 2023 54( 210 
90 1935 792 177 
12° 2362 1329 297 
15° 213 8 950 212 
18° 2141 753 177 
21° 1982 1175 263 
24° 2072 729 163 
27° 2(54 675 151 
30° 2325 E24 184 
60° 3411 1320 295 
90° 3660 1313 294 
120° 3581 1270 284 
150° 3435 1E01 35 8 
180° 3611 1451 324 
------------------------------
!~mis ..Q! yari~n~ ]~§JJ1!~ 
The follcwing table gives the results for the one-way 
repeated measures analy -sis of variarce ccmputed on 
"different" reaction times for Angle. 
















*P < • 0 01 
the 
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A Tukey test was used as fcllcw-up to the significant F 
cbtained in the analysis cf variance. Tukey test results 
are summarized belcw: 
Tukey Test Eesultst 
o0 3 6 9 12 15 18 21 24 27 30 60 90 120 150 180° 
-----------------------------------~----~---------
1 Underlined ranges cf angles did not differ 
significantly in reacticn time (p > .05). 
--------------~-----------------------------------
There is scme evidence that reaction times for 
"different" scores will disi:lay a linear trend similar to 
that usually obtained for "same" scores under certain 
conditions. Metzler and SheFard (1974) noted that if only a 
single stimulus figure were used in the mental rotation 
paradigm, subjects might be enccuraged to adopt a strategy 
for discriminating "different" pairs in which a salient 
feature cf the compariscn figure is rotated into 
correspondence with the same feature on the standard figure. 
Subject would then decide 11same 11 or "different" based on 
whether er not the rest of the features matched. (Because 
"different" pairs were mirror images, the cccurrence of ~uch 
salient features is assured.) l1etzler and Shepard (1974) 
then conducted an experiment in ~hich linearity was obtai~ed 
for "different" figures. In an effort to replicate these 
result.Sr a trend analysis was conducted en the "different" 
scores obtained in Experiment I. ~hese results are 
summarized in the table belo~: 
Trend Analysis Eesults 
























The results cf the trend analysis are not consistent 
with the findings of Metzler and Shepard (1974}, and 
indicate a significant seccnd-order trend in the reaction 
time data. Reacticn time increased in a roughly linear 
fashion from O to 60 degrees, remaining nearly constant 
above this pcint. 
. 
A linear regression analyfis was conducted on these data 
in spite of the significant higher ~rder trend. Intercept 
was 2028 msec {S.E. = 1392) and slope was 11.00 msec deg-, 
(S.E. = 1.01), significantly different frcm zero {t = 
10.929, df = 637, p < .001). The line obtained from the 
regression analysis is the line shewn fitted to the data 
pcint~ in the figure on the fcllcwing page. As is clear 
from this figure, the linear regression line does not 
describe the data pcints very well; the correlation of all 
points to this line, net surprisingly, is not very 
impressive (r = 0.397). Correlation of the average reaction 
time at each angle to this regressicn line, while high (r = 
0.891, df = 14, F < .001, r 2 = 0.794), is not nearly as 
Figure Caption. "Different'' Beacticn Time as a 
Function of Angular Orientation. Mean reaction time 
for "different'' stimulus figures are depicted as a 
function of angular crientation. Meansr in ttsecr 
are surrounded by standard error bars. The 
regression line is rased on all data ~cints and was 
fit by a least-squares procedure. The slcFe of ~his 
regression line is 11.00 msec deg- 1 and tbe 
intercept is 2028 msec. 







































































































impressive as the corresponding correlation for the "same'' 
response data (for which r = 0.S88). 
The slope of the regression fu~ction indicates that 
"different" figures were rotated at a rate cf approximately 
90 deg sec- 1 , in fairly geed correspondence with the rate 
obtained by Metzler and Shepard (1974). However, it is not 
clear what is meant by rctation cf "different" figures; 
certainly the process is not the same as occurs with "same'' 
figures. It is possible that the rctation of "differentll 
figures of large angular disparities (greater than 60 
degrees?) will be follc~ed by rechecking before the response 
lever is engaged. The much lcnger reaction times for 
"different" respcnses than for "same" responses may 
constitute evidence for this view. 
Instead of forcing the mental rotation interpretation on 
the "different" data, an alternative view might be 
considered. It has already been ncted that the reaction 
time function is nearly ccnstant from 60 to 180 degrees. 
Although much noisier, the reaction time functicn from Oto 
30 degrees might alsc be characterized as relatively flat. 
One interpretaticn of this rather strange result might gc 
something like this: from 0 tc 30 degrees "different" 
responses are made fairly rapidly (for "differentff 
respcnses) in a threshold-like fashicn. Scmewhere between 
30 and 60 degrees there exists a critical angle or range of 
angles for which for thresbcld-like resFonding is not 
possible. For angles from 60 to 180 degrees rotation and 
matching is mote difficult 
disparitiesr but within this 
apprcximately eguivalent. 





This interpretation is highly speculative and ~£St hoc~ 
and need further research tc establish their validity (or 
lack thereof). Hcweverr while "different" r~sronse data are 
largely ignored by researchers utilizing the mental rotation 
paradigmr these Sfeculaticns and the data which give rise to 
them indicate that "different" response . data may be 
potentially interesting and ~crth study in their own right. 
144 
A:FP!NDIX F 
Errcr Summary for Experiment I 
Errors committed by subjects were classified into twc 
categories: errors of ccmission (Type A) and errors of 
omissicn (Tyi;:e E}. A comissicn errcr occurred when a 
subject responded incorrectly tc a stimulus pair. For 
example, if a subject responded "same" to a "different" 
stimulus pair, an error cf ccmissicn ~as recorded. Errors 
of onission occurred when sutjects failed tc respond at all 
within 10 seconds of a stimulus presentation. Subjects whc 
accumulated more than 15% total errors (the sum of Type A 
and Type B errors) were discarded from the study. Appendix 
A contains summary informaticr en discarded subjects. Total 
error rates for individual subjects are given in Tables 10 
and 11. 
.§.si~ fsi~ Diiffil:~lil ~iq~ 
Error Type Total Error 'Iype Total 
Angle A B Eate Angle A E Bate 
---~--------------~-------------------------------------00 1 C .025 co 0 0 .ooo 
30 2 0 .050 30 1 0 .025 
60 0 0 .ooo 60 1 0 .025 
90 0 0 .coo go 1 0 .025 
12° 1 0 .025 12° 1 0 .025 
15° 0 0 .oco 15° 0 0 .ooo 
18° 1 0 .025 18° 1 1 • 050 
21° 1 0 .025 21° C 1 • 025 
24° 0 C .ooo 24° 2 0 • 050 
27° 1 0 · • 025 27° 2 0 • 050 
30° 0 C .oco 30° 1 0 .025 
60° 2 0 .050 60° 1 0 .025 
90° 2 0 .oso 90° 4 0 .100 
120° 5 0 .125 120° ◄ 0 .075 
150° 5 C .125 150° 2 2 • 100 
180° 14 0 .350 180° 3 1 .100 
--------------------------------------------------------
Total 35 C • 055 23 5 • 044 
145 
since a total of 1280 stimulus fairs were shown during 
the experiment, the overall errcr rate .as (35 + 0 + 23 + 
5)/1280 = 63/12EO = .049. Similarly, the total error rate 
for "same" Fairs lilas 35/64C = .055. overall error rate for 
"different" Fairs was 28/640 = .044. 
The table below shews the breakdc~n cf total errors on 













Total 35 28 63 
Because an unequal numter of male and female subjects 
were used in Experiment I, error rates for male and female 
subjects were based en different numbers of stimulus 
presentations. Errcr rate for females was 32/704 = .045. 
Error rate for males was 31/576 = .054. 
AfFENDIX G 
Parallelism froof 
Linear mcdels of the fcrm 
R(ij) = w(1)s(i) + w(2)s(j) 
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are easily tested. Because of its additive form, this 
equation leads to a predicticn of parallelism, as can be 
seen from the follcwing froof, adapted from Anderson (1974). 
Let B(1j) R(2jJ te the difference between an 
observer's subjective imfressions cf the orientaticns of the 
first and second levels cf the first stimulus figure. The n , 
R(1j} - R(2j) . = (w(1)s(1)+w(2)s(j)] - (w(1)s(2)+w(2)s(j) ]. 
Cancellation and distribution yields 
R(1j) - B(2j) = w(1)[s(1)-s(2) ]. 
Since the right side of this equation is independent of the 
second factor, j, it fellows that the difference betwee n any 
two levels of the first factor, i, is always a constant and 
independent cf the level cf the second factor. Thus, if 
curves are fitted to the data in i X j fashion, then, across 
levels of j, a parallel familj cf curves should be formed by 
the i-levels of the first factcr. The interaction term of 
the analysis of variance constitutes a rigorous statistical 
test of the fredicticn cf farallelism. 
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AFPENDIX H 
Individual Data fer Experiment II 
1Dfil.tiilll tsllDg tsi~ 
The tables below give the means (and standard deviations 
in parentheses) fer rated total orientaticn as a function of 
first and second figure crientaticns for each of fiv~ 
subjects. All ratings are ir mm. 
----~--~-------------------------~----------------------------~----·-------------------------~--------------------------Subject 1 (l'. H) 
Second First Angle 
Angle oo 60 12 8 18° 
----·--------------------------------------·----------------00 a.a ( 1. 0) 22. 0 ( 5. 1) 33.5 (7. 1) 36.5 (5. 0) 
60 18.2 ( 2. 2) 34.0 ( 16 • 3) 46 .' 2 ( E. 3) 50.5 ca. 9) 
12° 37.0 (5. 3) 47.5 (9. O} 52.8 (11.1} 60.8 ( 13. 7) 
18° 47.0 (15. 3) 60. 5 (12.9) 65.8 (1-4.9} 78.0 (12.4) 
24° 5s.2 ( 8 • 5) 78.0 (9. 2) 65.5 (14.1) 76.0 (15.5) 
30° 71.8 ( 8. 2) 74.C (3. 5) 81.2 (9. 1) 97.2 (0.5} 
------------------------------------------------------------
Subject 2 (TA) 
second First Angle 
Angle QO 60 12° 18° 
------------------------------------------------------------QO 2.5 ( 1. 0) 2.0 ( 0. 0) 16. 2 ( 4. 9) 22.2 (3. 6) 
60 2.0 (0. 0) 2.5 ( 1. 0) 14.2 ( 5. 7) 18.0 (6. 3) 
12° 16.8 (6. 3) 13.8 ( 1. 3) 18.2 (3. 8) 33.S ( 1 0. 0) 
18° 25.5 (5. 6) 26.8 ( 1. 7) 34.2 ( 3. 3) 50.8 (2. 8) 
24° 45. 2 ( s. 6) 49.8 (18.5) 56.5 (21.2) 96.0 ( 1. 2) 




Subject 3 (JB) 
Second First Angle 
Angle QO 60 12° 18° 
---------------------------------·------------~-------------00 0.2 (0. 5) a.a (2. 8) 23.2 (4. 9) 27.5 (4. 8) 
60 1 o. 5 ( 1. 3) 9.0 (5. 0) 31.8 ( 9. 1) 31.0 (3. 3) 
12° 31.8 ( 11. 7) 31.2 ( 5. 2) 39.0 (12.8) se.s (20.6) 
18° 27.8 (5.2) 4C.2 (13.3) 43. C ( 10. 2} 52.2 (14.5) 
24° 51.5 ( 8. 4) 50.0 (14.7) 64.C (7 .1) 7 c. 8 (10.2) 
30° 59.C (19.4) 59.C (4. 7) 69.5 ( 4. 8) 78.0 ( 1 o. 9) 
-------------------------------------------------·------------------·---------------------------------------------------
Subject 4 (LC) 
Second First Angle 
Angle QO 60 12° 18° 
-------------------------------------------~----------------00 2.8 ( 2. 2) 19.5 (14.5) 22.8 ( 3. 7) 39. 5 (15.2) 
60 s.e (5. 5) 9.0 (6. 1) 20.0 ( l!. 1) 35.8 (11 • 0) 
12° 26.8 (3. 3) 28.2 c e. 7) 36.0 ( 8. C) 47.8 .. (13.8) 
18° 44.2 ( 18. 3) 43.5 (5. 4) 51.0 (7. O} 52.5 ( 1 0. 7) 
24° 4 9. 5 (21.1) 46.2 (12.3) 68.0 { 18. 2) 70.2 (17.7} 
30° 65.5 ( 11. 3) 60.2 (17.4) 84.2 (12.9) 98. 0 (O. 0) 
subject 5 (NO) 
Second First Angle 
Angle QO 60 12° 18° 
-----------------------------------------------~------------oo 11.0 (7.0) 11.0 ( 5. 9) 25.8 (3. 9) 35. 0 (7. 6) 
60 16.8 ( 9. 1) 10.a ( 3. 3) 21.2 ( 10. 3) 39.8 (3. 9) 
12 ° 28.0 ( 14. 9) 31.8 ( 12. 7) 29.8 ( 13. 0) 65. 2 (5. 7) 
18° 40.8 ( 11. 8) 44.C (7. 7) 31.8 (16.7) 79.0 (7. 4) 
24° 50.0 ( 2. 8) 50.8 ( 1. 7) 52.5 ( 17. 7) 79.5 (8. 1} 
30° 53.8 ( 4 • 1) 51. 0 (3. 2) 60.S (12.1) 78.2 (3. 9) 
--------------------------------------------------~---------
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Individu~l I.I~~£ !~~1~~~ 
The tables below give the ANCVA summaries fer the trend 
analyses conaucted on each subject's psychcphysical function 
(see also Table 25). 
-------------------------------------------~---~ 
Subject 1 (EH) 





9 13 8 1 
83 4 
470 15 




Subject 2 (TA) 
Source ss df MS F 
----------------------------------------~-------
Linear 11480 1 11480 222.92*** .861 
Quadratic 412 1 412 e.OO* .031 
Cubic 483 1 483 9c40** • 0 36 
Higher Orders 181 2 90 1.76 
Error 772 15 51 
------------------------------------------------------------------------------------------------Subject 3 (JE) 
Source ss df MS F wz, 
------------------------------------------------Linear 8011 1 8011 471.52*** .936 
Quadratic 0 1 0 o.oo 
Cul::ic 4 1 4 o. 25 
Quartic 2 1 2 o. 13 
Quintic 285 1 285 16.80*** .033 
Error 25: 15 17 
-----------------------------·----------~--------~----------------------------------------------
Subject 4 (LC) 






















Subject 5 (NC) 

















*P < .C5 **P < .01 ***P < .001
-�--�-------�---------------------------�-------
-�----�---------------------------------�-------
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